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FOREWORD

This investigation focuses on the long-term effectiveness and stability of three commercial corrosion inhibitor
admixtures (one nitrite-based and the other two organic) in slowing the initiation and progression of corro-
sion in steel-reinforced concrete structures for new construction and for repair applications. The investiga-
tion examined the ability of inhibitors to remain in place in concrete, and the effectiveness of the inhibitors
after chloride contamination of the concrete. The work included tests in liquid solutions, laboratory concrete
specimens, and yard and field tests. This interim report documents the progress achieved and preliminary
results obtained during the first three years of work. Transport rates in concrete were evaluated for the
nitrite-based inhibitor and found to be comparable to those of chloride ions. The nature and extent of
binding of this inhibitor in concrete, as well as its effects on pore water chemistry, were also determined. In
early testing the calcium nitrite inhibitor tended to show better corrosion mitigating performance than the
organic inhibitors.

This report provides insight into the ability of admixed corrosion inhibitors to be effective in controlling
corrosion of steel in concrete. It will be of interest to materials and bridge engineers, inspectors, construction
contractors who are involved with reinforced concrete structures, and corrosion control specialists.

T. Paul Teng, P.E.
Director, Office of Infrastructure
Research and Development

NOTICE

This document is disseminated under the sponsorship of the United States Department of Transportation in
the interest of information exchange. The United States Government or the State of Florida assumes no
liability for its content or use thereof. This report does not constitute a standard, specification, or regulation.

The United States Government or the State of Florida does not endorse products or manufacturers. Trade
and manufacturers’ names appear in this report only because they are considered essential to the object of
the document.
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EXECUTIVE SUMMARY

This interim report summarizes the findings of the first three years of an ongoing seven-year investi-
gation conducted jointly by the Florida Department of Transportation (FDOT) and the University of
South Florida. The overall objective of this work is to assess the effectiveness of corrosion inhibi-
tors for steel in concrete, with emphasis on new construction applications. Both the ability of the
inhibitor to remain in place in the concrete for very long times, and the ability to control corrosion
even far into the future are evaluated. Three commercially available inhibitors, DCI-S, FerroGard
901, and Rheocrete 222+, have been selected for detailed examination.

The ability of the inhibitor to stay in place was examined by laboratory experiments of inhibitor
diffusion and by examination of available concrete samples exposed for long periods of time to the
environment. To determine the amount of inhibitor remaining, it was first necessary to develop
reliable inhibitor analysis techniques. The work to date has developed an accurate method to analyze
for calcium nitrite-containing DCI-S. Tentative analytical procedures have been developed for
FerroGard 901.

Experiments with DCI-S have indicated a ditfusivity comparable to that of chloride ions in concrete.
At the dosages commonly used for this inhibitor, the prognosis is good for remaining in adequate
amounts in sound, high-quality concrete for extended periods of time. Examination of test slabs
exposed to 17 years weathering supported that conclusion. The slab tests also indicated that a high
level of corrosion protection was achieved when the mass of nitrite ion per volume of concrete
equaled or exceeded that of chloride ions. Tests with DCI-S have also disclosed that typically only a
fraction of the inhibitor resides in the pore water of the concrete. Corrosion tests in simulated pore
water indicated that under typical dosage conditions that fraction provides significant protection to
steel even when the chloride content in the pore water greatly exceeded the amount that initiates
corrosion in concrete without inhibitor. Additional experiments revealed that nitrite in the pore
water slightly reduced pH, a potentially detrimental effect. However, the tests also indicated that the
effect of pH reduction was amply counteracted by the overall beneficial action of the nitrite ion.
Tentative tests with FerroGard 901 suggest that its diffusivity in concrete is also comparable to that
of chloride ions.

In open-circuit immersion tests in calcium hydroxide solutions with added chloride ions, DCI-S was
found to have the most significant corrosion inhibition effect of the three products examined, while
FerroGard 901 and Rheocrete 222+ exhibited little or no inhibiting effect. Tests were also conducted
with reinforced concrete specimens partially immersed in salt water. The tests used a variety of
concrete mixes, including those using ordinary Portland cement and cement blended with pozzolanic
additions (fly ash, microsilica). Although some of the tests are still ongoing, preliminary results
indicate that DCI-S was the most effective of the three inhibitors in mitigating corrosion. Tests with
FerroGard 901 showed only modest indications of corrosion protection, while under the test condi-
tions used, the Rheocrete 222+ specimens showed little evidence of effective corrosion protection.
Longer tests with less acceleration are in progress, both in the laboratory and with test piles in an
FDOT coastal test facility, to assess the long-term performance of the inhibitors.

Initial tests have indicated that the protection obtained by DCI-S becomes significantly less when
used at half the recommended dosage. No appreciable changes from the full-dosage performance
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were observed for the other two inhibitors when the dosage was reduced by 1/2. None of the inhibi-
tors tested appears to strongly affect the extent to which chloride ions penetrate in concrete, or to
significantly affect the strength or sulfate resistance of the concrete. However, the presence of DCI-S
did reduce the resistivity of the concrete tested by about 1/3. This effect could somewhat increase
the severity of corrosion macrocells once chloride contamination becomes strong enough to over-
come the protective action of the inhibitor.

This investigation is in progress and the above findings are subject to update as additional results
develop.
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INTRODUCTION AND OBIJECTIVES

This interim report summarizes the findings of the first three vears ot an ongoing seven-vear
investigation conducted jointly by the Florida Department ot Transportation (FDOT) and the
University of South Florida. The overall objective of this work is to assess the effectiveness of
corrosion inhibitors for steel in concrete, with emphasis on new construction applications but also for
selected rehabilitation applications.

The effectiveness of a steel corrosion inhibitor in concrete depends first on the ability of the inhibitor
to remain in place in the concrete for what may be a very long service life (e.g.. 100 vears). and
second on the ability to control corrosion even far into the future when aggressive substances from
the environment finally build up to significant levels at the steel surface. Moreover. an appropriate
corrosion inhibitor must not cause negative side effects such as pitting corrosion or degradation of
phvsical properties of the concrete. Finally, use of a suitable corrosion inhibitor should favorably
impact the designed life cycle cost of the structure. Rehabilitation applications should satisty the
same general principles, keeping in mind the desired length of service. These considerations led to
establishing the following specitic project objectives and corresponding tasks:

Objective 1:
Tasks:
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Objective 2:
Tasks:
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Objective 3:
Tasks:

3.1

Objective 4:
Tasks:
4.1
4.2

Objective 3:
Tasks:
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EVALUATE ABILITY OF INHIBITOR TO STAY IN PLACL

Develop Methodology for Analysis of Inhibitors in Concrete
Determine the Long-Term Stability of Corrosion Inhibitors in Concrete

ESTIMATE LONG-TERM EFFECTIVENESS - MECHANISTIC ISSUES
F:’xamine Inhibitor Degradation Mechanisms

Binding Eftects
Other Inhibitor Mechanism Issues - Dosage Needs

DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS ~ MECHANISTIC [SSUES
Effect on pH of Pore Solution
ESTIMATE LONG-TERM EFFECTIVENESS — PERFORMANCE TESTS

Perform Long-Term Laboratory Tests. Outdoor Sheltered Tests. and Field Tests
Fvaluation of Inhibitor Performance

DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS — PERFORMANCE TESTS

Estimated Time to Failure

Determine Effect of Insufficient Dosage on Ccorrosion Progression
L:ffect of Inhibitor on Chloride Transport

FExamine Possible Adverse Etfects on Concrete Physical Properties



Objective 6: ESTABLISH SUITABILITY FOR REHABILITATION APPLICATIONS
Tasks:

6.1 Evaluate Alternative Repair Strategies

6.2 Test Field Repairs and Long-Term Assessment

Two other primary objectives, (7) Establish suitability for new construction applications and (8)
Quantitative assessment of durability extension, correspond to a later stage of this investigation and
will not be addressed in this interim report.

The investigation was focused on the ability of the inhibitors to control chloride-induced corrosion, a
main source of corrosion deterioration in concrete structures in the U.S. The work addressed three
inhibitors that were widely commercially available at the start of the investigation. Those inhibitors
were already being used in a number of building and highway structures, or considered for future
application. These are a calcium nitrite-based product, DCI-S, and two organic inhibitors. F:
FerroGard 901 and R: Rheocrete 222+,

The objectives and tasks indicated above were addressed for each of the three inhibitors, to the extent
described in the following sections. The experimental approach and corresponding methodologies
and findings during the first three years of the project are described in each section, keyed to the
objectives listed above.



ACTIVITIES AND FINDINGS

OBJECTIVE 1 - EVALUATE ABILITY OF INHIBITOR TO STAY IN PLACE
1.1 Develop Methodology for Analysis of Inhibitors in Concrete

1.1.1 Calcium Nitrite-based Inhibitor (DCI-S)

1.1.1.1 Extraction from hardened concrete, powdered

The work on analysis methodology development for DCI-S is essentially completed. Standard
methods to determine nitrite content in water were already available.'” Existing well-established
methodology for analysis of nitrite in hardened concrete® was examined and then improved to
enhance nitrite recovery. The resulting procedure uses two consecutive extractions as described
below and exemplified by a sample calculation in Appendix 1.

The concrete sample to be analyzed is first powdered until the entire sample passes through a No. 50
sieve (American Society for Testing and Materials [ASTM] E-11). A 2 g subsample of the
homogenized powdered concrete is placed with 200 mL de-ionized distilled water (DDW) and stirred
tor 30 min. The mixture is settled for 5 min and filtered through a No. 40 qualitative filter by vacuum
filtration. The collected filtrate is saved and the solids on the filter were rinsed back into the flask.
The solids remaining in the flask are diluted with another 150 mL DDW._ stirred for 10 min. settled
for 5 min and filtered through the original filter. The step is repeated with an additional 100 mL
DDW. The combined filtrates are then filtered through a Gelman 0.45 um membrane and afterwards
diluted with DDW to a final 500 mL. An aliquot of this (“initial™) extract is then diluted to obtain a
target analytical concentration of 0.3 mg NO,/L and analyzed spectrophotometrically.

Both the original filter and membrane (with residues intact) are diluted with DDW to 500 mL and
stored for 10 to 15 days at room temperature. An aliquot of this (“residual™) extract is then diluted
for spectrophotometric analysis.

Nitrite analysis of both the initial and residual extracts was performed using the spectrophotometric
method described by the American Public Health Association (APHA)."" Light absorbance was
measured with a Cary 1 dual-beam spectrophotometer at a wavelength of 543 nm and with a l-cm
path length. Standard solutions were used to obtain a calibration curve that was linear (coefficient of
determination R?*=0.9999) for nitrite concentrations from 0 to 0.8 mg NO,7/L. so that the NO,
concentration (in mg/L) was equal to the absorption divided by a calibration factor of 0.913 L/mg.
The detection limit was 0.003 mg NO,/L water. The total nitrite recovered was calculated by
summing the recoveries from the initial and residual extractions.

The measurement result is obtained as the mass of nitrite extracted per mass of powdered concrete.
An approximate indication of the amount of nitrite extracted per unit volume of concrete can be
made by assuming that its specific weight is the same as that of the powdered sample. For more
accurate evaluations (for example, to determine how close to 100 percent is the recovery of admixed
nitrite). it is desirable to refer the measurements to the mass of oven-dry concrete and then relate that
amount to the corresponding mass of fresh concrete. To that effect. the evaporable water was

-
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determined by oven drying a subsample of the powdered concrete and measuring the mass loss. The
mass of tresh concrete that would have vielded a given amount of dry. hardened concrete was
obtained by knowledge of the initial mix design and water absorption of aggregates. plus assumption
of the degree of hydration. Since the amount initially admixed is known in terms of mass of nitrite
per mass (or per volume) of fresh concrete. this permits estimating the extent ot recovery. An
example calculation of this procedure is given in Appendix 1.

The extent of recovery was determined for concrete specimens with mix design and properties as
shown in Table 1. The specimens were cured capped in a plastic mold for 84 davs at 22°C. The
admixed nitrite concentration for Mix C1 was 2.46 mg NO, /g concrete. Mix C0 was a control
without admixture. Powdered concrete samples were obtained one week after demolding by drilling
with a masonry drill and collecting the powder. Table 2 shows the nitrite recoveries obtained in 6
replicate tests. which yielded an average nitrite recovery of 99 percent with a standard deviation of 1
percent. Nitrite recovery from Mix C0 was similar to the recovery of the method control. equivalent
to an apparent addition ot about 0.6 percent of the amount admixed to Mix C'1.

Table 1. Mix Desien and Concrete Properties of Cvlinders Cy and Cy
g p 3

Specimen Cylinder €, Cylinder Cy) |
Portland cement Type L. kg/m} 414 414
Water. kg/’m': 167 186

Fine aggregate. kg/m} 733 733
Coarse aggregate, kg’m‘: 1043 1045
DCI-S.* kg/m’ 29.14 ()
Water/cement (w/¢) ratio 0.45 0.45
Batch weight. kg 1.844 1.836
Unit weight. kg/m’ 2390 2380

*DCI-S contains about 65 %wt of water. This 1s taken into consideration when
computing w/c ratio. The weight fraction of NO,™ in the DCI-S used was
determined to be 0.202

The results indicated that nitrite can be nearly completely recovered trom hardened concrete it
sutficient time is allowed for nitrite to diffuse from powdered samples. The initial recovery yields
about 91 to 95 percent of the admixed nitrite. while the residue contribution gives an additional 6 to
8 percent. Medford and Leming™ reported a 94 (£1) percent recovery of theoretical nitrite from
laboratory mortar standards. using a procedure corresponding to only the initial step used here. The
greater recovery with the present method can be ascribed to the longer leaching time for the residue
in the second step. According to previous results from the present program.”™ ' only a fraction (e.g..
1/10 to 1/5) of the admixed nitrite as calcium nitrite is present in the pore solution. with most of the
admixed nitrite being bound elsewhere. The present results (Table 2) suggest that the bound nitrite
may be in reversible equilibrium with the free nitrite in the pore solution. as cssentially all of the
nitrite can be extracted at large enough dilution.

1.1.1.2 Determination of nitrite in pore water ot hardened concrete.

Technology for determining the amount of nitrite in pore water of hardencd concrete (“free nitrite.”
see Section 2.2) was also developed. The method was an extension of the recently developed in-situ
leaching (ISL) method.” Hardened concrete samples were allowed to stabilize in a 100 percent
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Table 2. Nitrite Recovery from Hardened Concrete Cyvlinder € *

Nitrite Recovery %
Replicate Initial Residual N

Extract Extract ol

l 90.9 7.9 0%.9

2 91.5 7.96 99 4

3 91.1 6.0 07.7

4 94.2 6.7 100.9

h 94.0 0.4 100.4

6 91.5 6.5 98.0
Mean 92.2 7.0 99.2
Standard Deviation 1.5 0.7 I3

“The Cy evlinder contained 8.47 kg Ca(NO-), per m™ of concrete.

relative humidity (RH) chamber. A small cavity drilled into the sample was then partially filled with
water (typically less than 0.4 em?). The water was then allowed to nearly equilibrate with the
surrounding cavity water. a process that typically took one or more weeks. Spectrophotometric
analvsis of the cavity water (using the method and calibration described above in Section 1.1.1.1)
alter appropriate dilution yielded the nitrite content. which was assumed to approach that ot the
surrounding pore water. That assumption was confirmed by independent pore water expression
(PWE) measurements. The methodology 1s described in detail in Section 2.2.

1.1.2 Organic Corrosion Inhibitor F (FerroGard 901)

Analysis tor this inhibitor is hindered by two basic problems. First. the composition of this inhibitor
1s proprietary. so that it is difficult to differentiate between the actual inhibiting species and any other
component (such as fillers. solubilizers. ete.) of the product. Second. even if the appropriate species
were identified. standard analytical techniques with the required sensitivity and accuracy may not be
avallable even for simple liquid solutions. Consequently. no satistactory methods for analvsis of this
inhibitor have been reported. Review of the literature revealed primarily qualitative or. at best.
semiquantitative methods. "

initial efforts under this project for development of a quantitative analyvtical method consisted of the
use of an ammonium sensitive electrode. and of analvsis of organic residue by extraction with
solvents. Neither approach produced useable results. During the last vear. efforts concentrated on
the use ot ultraviolet absorption. The inhibitor has good solubility in water with little turbidity at
hoth neutral or basic pH. A strong. reproducible absorption peak at 224 nm has been used
successtully for construction ot a reproducible calibration curve (Figure 1) 1o the concentration range
0f 2510 85 pg of inhibitor per em*® of water. The calibration was similar for inhibitor dissolved into
neutral distilled water. or into filtered water leachate from powdered or sohid concrete. There are.
however. indications that stability ot the calibration is limited. For example. solutions exposed in an
open beaker to room temperature air for 6 hours showed UV absorption losses on the order of 25
percent. As a result. time limits in testing procedures will need to be implemented.
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Recovery achievable from hardened samples using UV absorption has been recently examined by
casting mortar containing 8 mg/g FerroGard 901. Portions of the mortar sample are pulverized by
drilling with a masonry drill. The powder is then leached in water for a period of 12 hours while in a
motorized shaker. The leachate is filtered through a 0.45 um filter and the absorption at 224 nm
determined afterwards. By application of the calibration curves determined as above, extraction
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Figure 1. Calibration curve for FerroGard 901 by UV absorption at 224 nm.

recoveries on the order of 70 percent to 80 percent have been obtained. The amount of recovery does
not appear to be overly sensitive to thermal aging of the powdered sample. For example, recoveries
of 68 percent were obtained after placing the sample in an oven at 50° C for about 100 hours.
Recovery was about 73 percent after exposing the concrete powder to air at room temperature for
about 50 days.

Applicability of the method for the determination of free (pore water) inhibitor content will be
established in the future stages of the project. Another open question is whether the 224 nm peak
corresponds to the main inhibiting species or to a non-inhibiting component of the product. Tests
with Benzoic acid (one of the inhibiting agents mentioned in the literature)"'¥ in alkaline solution
(NaOH) revealed a strong absorption peak also at 224 nm, suggesting that the chromophore
associated with dilution of the product in water is at least one of the inhibiting components in the
product.

1.1.3  Organic Corrosion Inhibitor R (Rheocrete 222+)

Determination of the presence and amount of this corrosion inhibitor in hardened concrete has been
very challenging and no satisfactory outcome can be reported at this time. Analysis presents all the
difficulties indicated for the organic corrosion inhibitor F, plus problems resulting from the low
solubility of this product. Upon introduction in water, the product forms a highly turbid colloidal
suspension that virtually prevents analysis by UV absorption. The product does dissolve easily in
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acetonitrile. forming a limpid solution suitable for UV spectroscopy. where a composite absorption is
observed that can be decomposed into two components at 224 nm and 252 nm. Calibration curves
(absorption vs. content) for Rheocrete 222+ in acetonitrile have been successtully and consistently
obtained using those peaks. Calibration was also feasible for Rheocrete 222+ added to acetonitrile
that had been in contact with mortar powder simulating an extraction procedure. However. when
acetonitrile was used to extract Rheocrete from powder of mortar with known additions of
Rheocrete. the magnitude of the absorption peak recorded was 2 to 4 times greater than that
corresponding to the actual addition. The cause for this anomalous extraction result is being
investigated. Variations of the extraction procedure (for example. using methanol) to achieve
quantitative analysis are being tested. but show no improvement to date over the acetonitrile
procedure.

1.2 Determine the Long-Term Stability of Corrosion Inhibitors in Concrete

)

.1 Calcium Nitrite-based Inhibitor (DCI-S)

]

1.1 Laboratory investigation of nitrite transport in concrete
Experimental method - materials

Five different conerete mix proportions were used (see Table 3 for nomenclature and details). Four of
those mixes were limited to available specimens made for the long-term test program described
under Objective 4. The --0.5 or —1.0 at the end of the designation of those mixes indicates that the
inhibitor dosage was either one half or the full amount. respectively. of the 22 L/m" specified by
FDOT for aggressive marine service applications. The P1 designation indicated 20% Type F fly ash
cement replacement. All mixes used Type I cement. One of the mixes (C2 designation) was
prepared with a significantly higher w/c ratio than those of the rest. These concretes were cast in
cvlinders that were demolded one day after casting and then immersed in Limewater for curing for
about 100 days. After curing. the cylinders were stored at ~22" C in a plastic enclosure at moderate to
high humidity for at least one year before pertorming the leaching tests. As some inhibitor leaching
from those cvlinders took place in the initial tank curing. an additional batch of cylinders with
proportions approximating those of mix DCI-C1-1.0 was prepared but placed directly in a ~100%
RH and ~22"C chamber after one day in the mold. Nitrite loss from leaching during curing was thus
expected to be negligible. Specimens from this batch. named NR (Nitrite Recovery). were subject to
lcach tests after controlled times ranging from 50 to 270 days of curing in the air chamber.

Leuaching experiments

The test specimens were whole. as-cast cylinders. or slices cut {from the cylinders. with the
dimensions indicated in Table 4. which also shows the test solutions and temperatures at which the
tests were conducted. The test methodology generally followed the speciﬂcati<m§!g))fAmerican
National Standards Institute/ American Nuclear Society (ANSI/ANS)-16.1-1986.  The specimen
was placed. supported by a plastic stand. inside a lidded plastic container (Figure 2) with enough
solution to maintain a uniform thickness around the specimen and a ratio of liquid solution volume to
specimen surface area of at least 10 cm. Some exploratory variations in procedure (e.g., changes in
solution renewal interval) were used for specimens of concrete mix DCI-C1-0.5 that were tested

carly in the program.



Table 3. Mix Design and Concrete Properties Used in the Leaching Experiments

Concrete Type

DCI-C1-0.5

DCI-C1-1.0

DCI-C2-1.0

DCI-P1-1.0

NR

Cement, kg/m’ (lb/yd’)

390 (657)

390 (657)

390 (637)

310(525)

382 (643)

kg'm' (Ib/vdh

Water. kg/m” (Ib/yd") 160 (270) 160 (270) 195 (329) 160 (270) 139 (235)
Fine aggregate. 700 (1179) 694 (1169) | 600(1012) [ 674 (1135) 679 (1145)

%L Coarse aggregate, 986 (1661) 986 (10661) 986 (1661) 986G (1661} 967 (1629)
= kg/m™ (Ib/yd™)
‘-2 Class F fly ash, 0 0 0 78 (131.5) 0
kg/m® (lbivd ")
DCI-S, kg/m' (Ib/yd’) 14 (23.7) 28 (47.5) 28 (47.5) 28 (47.5) 27.7 (46.6)
L'm’ (gal'yd) 11(2.22) 22 (4.44) 22 (4.44) 22 (444 22 (4.44)
Water/binder ratio 0.41 0.41 0.50 0.41 0.40
Actual water/binder ratiot 0.41 0.43 0.49 0.40 0.40
UInit weight, kgx’lnwlb,"ftz) 2237 (139.8) | 2235 (139.7) | 2178 (136. 1Y | 2216 (138.5) 2195 (137.8)
Cylinder dimensions*® 10.1x20.3 7.0x15.2 [5.2x30.5 7.0x15.2 7.0x15.2
cm (in) (4x8) (3x6) (6x12) (3x6) (3Xx06)
Curing time. days 100 160 60 180 50, 100.270
Curing medium Limewater Limewater Limewater lLimewater 100°%RH

* Cvlinder diameter x height
T Adjusted for water in inhibitor and moisture content of aggregates

The test solutions were de-ionized water (DW), Limewater (DW saturated by 2 g/L addition of
calcium hvdroxide). or synthetic secawater (DW with 41.95 ¢/L of synthetic “sea-salt™ per ASTM D-
1141-52). Leaching test temperatures were either ambient (~22"C) or 35 to 37°C achieved by
placement of the leaching containers in a temperature-controlled chamber. The solution was sampled
and completelv replaced by fresh solution at regular intervals during cumulative leaching times

Table 4. Specimen Specifications and Testing Conditions Used in the ANSIVANS Experiments

Concrete :Spemnjelj Solution A Solution Temperature
Type Dimensions®™ | Volume (1/em) Type (°C)
A ¢m (in) (mL) |
7.6x15.2 Limewater.
1-P1- 45 22
DCI-P1-1.0 (3x6) 4558 0.66 DW
o N Limewater.
E NR 7'(’}1("“ 4558 | 0.66 DW. 2
) (3%0) Synthetic Seawater
159
DCI-Cl-10 | Oxh2 4558 | 0.66 Limewater 2
(3x6)
7.6x2.5 Svnthetic Seawater,
-Pl- S 3 - k)
DCI-P1-1.0 Gxh) 1500 1.31 W 22
- Limewater
<93 %) .
2 NR 7:6x2.3 1500 131 DW. 22,35
v (3x1) . L
Svnthetic Seawater
Yy,
DCI-C2-1.0 15.2x4.6 5834 0.70 Limewater 22
(6x1.8)
) _ 10.2x2.5 357 )
1-C1-0.5 : 1.1 lLimewater 22,37
DCI-C1-0 (dx1) 1000 8 Imewater 3

* Diameter X height
## Specimen surface area to volume ratio



Slice Cylinder

Figure 2. Placement of concrete samples in leaching containers

ranging from 2 to 2160 hours (a total of 90 days). Leaching tests on a few selected specimens were
extended for another 90 days. The sampled solution was tested for nitrite with the spectrophotometric
method described in Section 1.1.1.1. The apparent diffusivity (Dapp) of nitrite in water-saturated
concrete was calculated from the recorded nitrite concentrations in the leaching solution as function
ot time. as described below.

Diffusivity estimates

The apparent nitrite diffusion coefficient D in concrete is detined here as

C
[)1/)/7 - —J((g )_] (1 )

where
J = the flux of nitrite ions (mass per cm? of concrete per second) along the direction x
C = the concentration of nitrite in concrete (mass of nitrite per cm’ of concrete)

Internal bulk diffusion of nitrite in concrete is likely to be the rate-determining mechanism during
much of the leaching process. Since in the leaching experiments the nitrite concentration in the
solution was always kept at a very low level by renewing the solution frequently, a one-dimensional
model can approximate the leaching behavior during the early stages of leaching.

From the measured nitrite amount a_in the solution at the end of the n liquid renewal interval, a

Cumulative Fraction Leached (CFL) can be defined as CFL=2Za /A .where A is the total amount
of nitrite inside the specimen at the beginning of the leaching experiment. If CFL is plotted against
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the square root of the leaching time. a linear g01relat10n with a slope k can be expected during the
carly stages of leachmg (when CFL <~0. 7) so that:

NN A
l)up/) = 7[(;)_(?)_ (2)

where
V = Volume of specimen. cm’
S = geometric surface area of specimen. ¢cm’

In the following, the D value so obtained will be called D1 when it 1s needed to differentiate it
from the one obtained mth the following equation.

. . T . - . . . (1)
When CT'L exceeds ~0.2 significant deviation from one-dimensional behavior takes place.  Under
those circumstances the apparent dittusion coetticient can be obtained instead by

Gd*
/)u/r/r = !

where
t = cumulative leaching time since the beginning of the tirst leaching interval
d = the diameter of the cylinder. cm
G = a dimensionless time factor for the cylinder. which is dependent upon CFL and the
specimen height-to-diameter (1/d) ratio."*

The D, calculated using Eq.(3) will be designated as D2 if it is necessary to differentiate it from D1.
It there was more than one datum with CFL>0.2, then D2 was reported as the average for those
points,

Sample calculations of D1 and D2 are presented in Appendix 2.

RESULTS

CI'L. was calculated for every experiment assuming that the nitrite content of each specimen type was
the same as the nominal admixed amount per Table 3. Direct measurements with specimens of DCI-
C1-1.0. DCI-C2-1.0. and DCI-P1-1.0 using the procedure described in Section 1.1.1.1 confirmed that
the actual nitrite content near the center of the cylinder was close to the nominal nitrite content.
Typical behavior during the leaching tests is exemplified in Figure 3. which shows the C'FL evolution
as a function of t'? for a specimen of DCI-C1-1.0 concrete (full cylinder. 7.6 cm by 15.2 ¢m) and two
specimens of DCI-C2-1.0 concrete (4.6-cm thick slices with freshly cut faces. sliced from a 15.2-cm
diameter cylinder) in Limewater at 22°C. Except for an initial transient region. an approximately
linear correlation between CFL and t'~ is evident for each specimen. conforming to the expectation
of diffusional leaching control. The CFL-t'* slopes were smaller at carlier times. especially tor the
cvlinder specimen of DCI-C1-1.0. This phenomenon may be attributed to carlier loss of the nitrite to
Limewater during curing. which would cause the nitrite concentration near the concrete surface to be
lower than that of the bulk concrete. Since Eq (2) was derived by assuming that the diffusive species
arc uniformly distributed before the leaching experiment is started. a lower surface concentration
should yield a slower leaching rate at the beginning of the test. Compared with the cyvlinder ot DCI-
C'1-1.0. the slices of DCI-C2-1.0 had 100 days shorter curing time in Limewater and two freshly cut
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Figure 3. CFL as a function of the square root of leaching time (t'-)
tor concrete specimens of DCI-C'1-1.0 and DCI-C2-1.0 in Limewater.

surfaces. These two freshly cut surfaces should have had a higher nitrite concentration than that of
the previously exposed surface. and accounted for more than 70 percent of the total slice surface area.
Hence the linearity of the curves for the slices of DCI-C2-1.0 should extend. as observed. to a much
carlier leaching time.

Figure 4 illustrates the results ot a series of experiments with the same concrete (DCI-P1-1.0) in
various leaching media at 22° C. while Figure 5 shows the behavior for the NR concrete specimens in
various leaching media and at the two test temperatures. In the latter case. straight line behavior
extending to very short times manifested the absence of signiticant leaching during curing.

As illustrated in Figures 3 through 3. there was generally good reproducibility in the CFL values
from duplicate tests with specimens of the same type. Tables 5 through 8 show the slopes and
diffusivities calculated from the data from all the experiments. detailing the individual test condition
of each specimen. The results showed agreement typically better than within - 20% between the
values of D1 and D2 for any given experiment. and between the results of duplicate experiments.
However. ditferences between D1 and D2 values were relatively large in some cases (notably for
tests in svnthetic seawater. specimens 6 and 7 in Table 7). The D1 values were consistently derived
from a larger number of data than for D2. for which sometimes only | or 2 data existed and relatively
large shape corrections were needed. Consequently, the D2 values were regarded only as
supplemental evidence and all quantitative comparisons in the discussion were made based on D1
values only. Tests with specimens of DCI-P1-1.0 under the same conditions but using specimens of
different shape (i.e.. cylinder vs. slice. Table 7. specimens 3 and 4). vielded similar diffusivity values.
The results appeared to be only slightly affected by whether a cut or a cast concrete surface was in
contact with the leaching solution.
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Figure 4. CFL as a function of the square root of leaching time
(t"%) for specimens of DCI-P1-1.0 in Limewater. DW. and syn-
thetic seawater (sea) at room temperature.

Measurements of the total amount of remaining nitrite in the concrete specimens were performed in
selected specimens using the technique for analysis of nitrite in hardened concrete described in
Section 1.1.1.1. The results were in approximate agreement with the amounts leached in the
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(t'?) for NR concrete specimens in Limewater. DW. and synthetic
seawater (sea) at RT and at ~35° C (HT).
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Table 5. k. D and D> Obtained for Specimens of DCI-C1-1.0 and DCI-C2-1.0
Leaching in Limewater at 22 (.

- . Slope k D D>
Concrete Tyvpe 12 : :
i o) (cm” ) (cm-'s)
DCI-C1-1.0% 091 x10" 15810 [.5x10
Specimen #1. DCI-C2-1.04 [28 x107 26310 275107
Specimen #2. DCI-C2-1.0+ 117 x107 22x107 26x107

* Tull evlinder t Slice

K and D Obtamned for Slabs of DCI-C1-0.3
leaching in Limewater.

Table 0.

Y Slope k D* :
Slice (5" ;) (cm’fs) emperature
1 1768107 1.7 x107 22°C
2 176 X107 178107 220
3 176 5107 178107 220
1 1.6S N 107 R 22°C
S P3N0 R 2200
6 2331107 3.0x107 370C

*No D2 estimates were conducted for these tests.

mmmersion experiments. Concentration profiles of selected test specimens werce also obtained.” The
profiles showed. as expected. significant nitrite depletion near the surface and higher concentrations
mside the specimen. However. the shape of the concentration profiles was not in detailed agreement
with that expected from the simplifving assumptions used to caleulate D from concentration of
nitrite 1 the leaching water. It was speculated that the discrepancey was caused by deviation from

otherwise nearly linear binding of nitrite in conerete (see Section 2.2,

DISCUSSION

1he available data set represents largely exploratory measurements. and as such was limited in
coverage of conditions and quantity of specimens. Nevertheless. the results provide usetul

Table 7. Slopes and Apparent Diffusion Coetticients Obtained for DCI-P1-1.0 at 22°C

Specimen® .eaching Solution "\10_}?? k I:)t . l:),j
(s 7) (cmorsec) (cmr/sec
| Limewater 0.612 x107 6.8 5107 7.2x107
2 [Limewater 0594 x107 SRR 7.4 x107
3 DW 0373 x107 6.0 X107 -
4 DW LIS x107 6.1 x107 635107
5 DW L4 x107 6.0x107 6.1 x107
6 Synthetic Seawater 115 X107 6.1 x107 28 %107
7 Synthetic Scawater 1.26x107 7Ax107 43 x107
“ Specimens [ to 3 were evlinders 7.0x15.2 em: speimiens 4 to 7 were shices 7.0x2.5 em.




Table 8. Slopes and Apparent Diftusion Coefticients Obtained tor Specimens of NR Concrete

Specimen® Cux(‘i[l;g}z;me Leaching Solution S(]:.P?)k (cm?/éec) (c111[?/:sec)
| 50 ["i(‘gzej"g;er P47 x107 | 3.9x10% | 3.5x10°
2 350 (220“'(’7) 140 x107 ) 3.5x10™ | 3.0x10
3 50 S-"'”hfg;scf;“‘me" 184x107 | 6.1 x10% | 46x10"
4 100 Symhfgosgf Water 1 o580 | 2.60x10% | 2.9x10°
5 100 Sy”thfgffc‘??“’ater 205510 | 20a10t | 255007
6 100 Sy”mf?gosg“vate" 2975107 | 40x10% | 3.7x10"
7 100 S-‘"mhfg;sg)awmr 2305107 | 24x10% | 285107
8 270 U(”Z“;*gt)er 2005107 | 18x10% | 205107
9 270 U(';;”gt)er 203 %107 | 1.9810% | 2.0x10°
10 270 (gnwc) 178 x107 | 1.5x10% | 1.7x10®
I 270 (220\%) Lo7x107 | 13x10% | 1.6x10®

* Specimens 1 to 3 were cylinders 7.6x15.2 cm; specimens 4 to 11 were slices 7.6x2.5 c¢cm.

preliminary information on how diffusivity is affected by key material and exposure variables. and
may serve as a guide to detailed future investigations. The trends examined are detailed below.

Magnitude of D, |
The experiments yielded nitrite ion values for D“pp in concrete ranging from ~6x10" cm?*sec' to

~6x 10 em” sec! (as indicated earlier. all discussion is based on calculations of D1 unless otherwise
indicated). These values are on the same order as those reported for chloride ions in concretes
comparable to those tested here.” ' This behavior was to be expected as both C'I"and NO, are anions
with the same valence, have comparable diffusivities in water. and experience substantial binding in
the concrete matrix (see Section 2.2). It must be emphasized that the D “values calculated from the
leaching experiments (and from any other method based on measurement of total species
concentration) reflect the assumption of simple diffusional behavior. As indicated by the results from
concentration profile measurements. this assumption is only a working simplification. Detailed
descriptions of transport processes. including among others the effect of binding. would be required
for more accurate evaluation of the distribution of the species in concrete and escape to the external

environment.
Dosage

An indication of the influence of nitrite dosage on diffusivity may be obtained by comparing the
results from tests in Limewater at 22 °C of specimens of DCI-C1-0.5 (halt' dosage). with those of the
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combined group of the single available specimen ot DCI-C1-1.0 and the specimens of the NR mix
that had the longest curing period. That combined group had full inhibitor dosage. but approximately
the same mix proportions as DCI-C1-0.5 and an extended curing history as well. The average D,
for the half- and full-dosage groups were ~1.6 and ~1.7 (10 cm-sec™!) respectively. so no significant
dosage eftect on D, was detected in this limited comparison.

Leaching medium

The DCI-P1-1.0 and the NR concrete were tested in different leaching media under otherwise
comparable conditions. The results for DCI-P1-1.0 tested at 22 °C (Table 7) show average D of
0.6.6.0.and 6.7 (107 cm-sec™) for tests in Limewater, DW. and synthetic scawater respectively.
Tests at 22 °C for NR concrete cured 270 days (Table 8) indicated average D of 1.9and 1.4 (10®
cm-sec™) for leaching in Limewater and DW respectively. For the same concrete cured 50 days the
results (only available for single specimens) were 3.9. 3.5, and 6.1 (10 cm-sec”) for Limewater.
DW. and synthetic seawater respectively.

The pH of DW in contact with concrete reaches typically the range ~9 to ~10 after a few days. while
that of the Limewater stays at ~12.6. The small difference between the results of DW and Limewater
tests suggests that those variations in leachant pH affected little the nitrite transport inside the
concrete. The few available comparative data suggest that leaching in svnthetic seawater resulted also
in similar (but not always close) D, to those obtained with the other two leachants. The svnthetic
seawater tests with DCI-P1-1.0 showed anomalous behavior at large CFL values, which resulted in
significant difference between D1 and D2. Since chloride ions tends to aftect the partition between
free and bound nitrite (see Section 2.2) in concrete. these observations mayv be a manifestation of the
penetration during the test of chloride ions from the leachant into the concrete. In summary. the
present results showed some. but not necessarily dramatic. dependence of D onthe leaching
medium. However, the results from synthetic seawater tests underscore the need for further
investigation.

Concrete mix proportions and curing

The results ot 22°C tests in Limewater of DCI-C1-1.0 and DCI-C1-0.5 (average w/c = 0.42). which
may be considered together if the dosage effect is not important. vielded an average D ~1.6x10*
cmsec”!. Mixture DCI-C2-1.0 was comparable to the other two except that it had w/c = 0.49. and
the average D, under the same conditions was 2.4x10* cm- sec'. or about half as much more than
that of the lower w/c mixes.

theaverage D of DCI-P1-1.0 specimens (w/c=0.40. 20% fly ash addition) tested under the same
conditions as the DCI-C1-1.0 and DCI-C1-0.5 specimens was 6.4x10” ¢cm-sec’'. less than half that of
the other concretes. which had only modestly higher w/c but no fly ash.

The 220C tests with the NR concrete (‘Table 8) also indicate a consistent reduction of D‘W with curing
time. Assuming that diffusivity is not a strong function of leaching medium. the average of the
results for each of the curing times suggest that D -was reduced by about one halt by curing trom 50
davs to 270 days.

The overall results indicate that curing time. w/c ratio and pozzolanic presence influence the D of
nitrite in a manner consistent with the expected effect of those variables on transport of ionic species
15



in concrete. Similar dependence on those parameters has been well documented for the case of
diftusion of chloride ions in concrete.

Temperature

Comparative tests in which temperature was changed from 22° C to 33° C in synthetic seawater
(Table 8) increased the average DW in the NR concrete by about 1/2. A roughly comparable increase
was indicated by the single available test with DCI-C1-0.5 in Limewater. The change with
temperature 1s consistent with that expected from thermally activated diﬁ‘uqion. Assuming simple
Arrhenius dependence. results suggest an actl\ atlon energy on the order of ~ 10 kcal/mol. which is
comparable with values reported by Goni et al"" for leaching of calcium fmm concrete in DW.

Summary of conclusions from nitrite diffusion experiments.

The apparent nitrite diffusion coefficient. D . at 22° C in well-cured concrete with ~390 kg/m’
ol ordinary Portland cement concrete and w/c~0.41 was on the order of 2x10°* cm“/sec. as
determined from leaching experiments. The results showed no strong sensitivity to the leaching
medium used, but the effect of seawater needs further investigation.

e Anincrease in the w/c ratio to 0.49. or an increase in temperature by ~14°C. increased D . by

about one half. whereas 20% Tvpe F fly ash addition to the cement reduced the apparent
diffusivity by about one half.

e Extended curing of the concrete signiticantly reduced the D, of nitrite.

¢ [he magnitude of the D, values observed. and the dependence on test parameters. was similar to
the values and trends observed for transport of chloride ions in conerete under comparable
circumstances.

1.2.1.2 Inhibitor presence in existing long-term specimens
Investigation of [ 7-Year-Old Slabs from the Federal Highway Administration (FHWA)

Seventeen-vear-old reinforced concrete slab specimens prepared for an FHWA investigation of
calcium nitrite corrosion inhibitor performance were examined for nitrite content and distribution.
Detatled resuits from this analvsis are presented in FHWA Publication No. FHWA-RD-99-145 )
The following is a summary of those findings.

The slabs were ~15 cm thick and exposed horizontally to natural weathering for most of the 17 years.
except for an initial period of 3 months when periodic saltwater ponding was apphcd to the top
surface ot the slab. The concrete had w/c=0.53 and a cement tactor ot 400 kg/m-. with no pozzolanic
additions. The initially admixed nitrite content was ~7.5 kg/m* and uniformly distributed through the
slab thickness. The upper ~8 ¢m of the slabs contained various amounts ot admixed chloride.
Depending on the extent of chloride contamination. some slabs experienced little reinforcement
corrosion while others suffered extensive corrosion with consequent deterioration of the concrete in
the upper portion of the slab.
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Nitrite content determinations of the concrete were made as a function of distance trom the top
surface ot selected slabs. so as to obtain a nitrite concentration protile. Integration of the profile
viclded the average nitrite content of the slab. which was then compared with the initiallv admixed
amount. In slabs where deterioration was minor. typically 75 percent of the initially admixed nitrite
was still present in the slab after 17 vears. However. the concentration profile indicated that the
nitrite had redistributed within the slab so that the content at the bottom was sometimes even greater
than the initially admixed content.  Concurrent chloride analvses indicated that a significant amount
ol chloride had moved over the same time interval from the upper portion of the slabs into the lower.
mitially chloride-free region. These tindings suggest the possibility ofa coupled ionic transport
process between nitrite and chloride species. Ior slabs that had experienced severe deterioration of
the top Lift. the nitrite and chloride contents there were both much lower than initially. This reduction
way attributed to rainfall leaching accelerated by the large surface arca created by crumbling.

6-Year-Old Courtney Campbell Causeway Pileys

I'xpansion of the Courtney Campbell Causeway (Tampa Bay) in 1993 used precast piles with a
cement factor of 341 kg/m'. wic = 0.35, cement replacement ot 20 percent {1y ash plus 8 percent
microsilica (MS). and DCI-S admixture of 22 L/m . The piles had been exposed to the bay water
service environment for 6 vears at the time of core sampling. Analvsis ot chloride and nitrite content
was performed at selected piles at elevations from 0 m to | m above the high tide line. The analyses
revealed that nitrite content at all elevations was about 83 percent ot the adimixed amount at depths of
235 mm or more from the concrete surtace. slightly higher at about 10 mm from the surface. and
slightly lower in the first 6 mm trom the surface. Chloride concentration reached a value of 1.2 the
surface content at a depth comparable to the maximum in the nitrite profile.

1.2.2 Organic Corrosion Inhibitor F (FerroGard 901)
1.2.2.1 Inhibitor transport in concrete

Only very preliminary results are available for this inhibitor since the reliability of the analysis
mcthods tor either hardened concrete or liquid solutions has not vet been confirmed. Leaching
experiments were conducted with mortar of w/c=0.4. 800 kg/m" cement. and 18 kg/m’ FerroGard
901 (the recommended FerroGard 901 dosage for concrete 1s ~9 kg'm’. but it was doubled here to
reflect the cement content per unit volume of the mortar used. which was about twice that of a typical
concrete). The initial results indicated an apparent diffusivity of the detectable species on the order
ol 3x10" em?/sec. which is as in the case of nitrite comparable with the apparent diffusivities
expected for chloride ions in the same cementitious medium.

No sources have been identified for analysis of this type of inhibitor in existing long-term specimens.
1.2.3 Organic Corrosion Inhibitor R (Rheocrete 222-+)

Because of the difficulties experienced in quantitatively analyzing for this inhibitor. no experiments
have been conducted in the first part of this project to determine transport characteristics in the
laboratory or in tield specimens should any become available.



OBJECTIVE 2 - ESTIMATE LONG-TERM EFFECTIVENESS - MECHANISTIC ISSUES

2.1 Examine Inhibitor Degradation Mechanisms

(B

1.1 Calcium Nitrite-based Inhibitor (DCI-S)

Q]

.1.1.1 Inhibitor decomposition in concrete

The available literature on nitrite stability was examined and simplified calculations of rates of
decomposition were conducted. The alkali and alkaline earth nitrites in the solid state are very stable
but can be thermally decomposed. Calcium nitrite decomposes above 250" C. well above the
temperature for normal concrete service.!"” In the aqueous phases. nitrite protonates to nitrous acid
according to

NO, +H" < HNO, (aq) <> HNO, (g) (4)
Nitrous acid is a weak acid and at 25°C has an equilibrium constant k = [NO, ][H"] / [HNO,| =
5.1x10* M.®" The effective Henry's law coefficient for nitrous acid at pH 13 (typical of concrete
pore solution) is  [HNO,]/P ., = 2.5x10" M/atm”, strongly favoring the aqueous phase over the

gas phase, and nitrite (NO,’) as the predominant aqueous species.

Aqueous nitrous acid is not stable and can decompose to nitrate and nitrogen oxide as shown by:

3HNO, <> H,0" + NO, + 2NOT (5)
At 25° C, this reaction has a thermodynamic equilibrium constant of 29.4 atm=/M-= """ The
decomposition rate of nitrous acid can be estimated from

-d[HNO,] /dt= k - [HNO,J* /P* - k,- [HNO,]- [H"]-[NO,] (6)

where k, = 46 and k, = 1.6 at 25°C with concentrations in M. pressure in atm. and time in min.*"
[Equation 6 indicates that at pH 13, less than 107" M of nitrous acid can be formed for a nitrite dosage
of 6 kg/m’. assuming a nitrite pore solution concentration of 0.2 M.*“*' Commercial inhibitors may
contain 5 percent nitrate”” and 5 ppb is a reasonable atmospheric concentration of nitrogen oxide.??
As a result. the net nitrite decomposition rate is expected to be about 10" moles/L per minute and if
so. can be neglected.

The stability expected from those theoretical arguments was supported by the detection after 17 years
of a sizable fraction of the admixed nitrite in the FHWA slabs (Section 1.2.1.2) with sound concrete.
Under those exposure conditions the missing nitrite is best explained by leaching losses. Tl’le nitrite
content deep into the concrete of the 6-year-old Courtney Campbell piles (Section 1.2.1.2) was
smaller than but close to the reported admixed amount. Although the shortage could be ascribed to
chemical instability of the nitrite, other simpler explanations (misteported admixture levels. less
cfficient extraction of nitrite by the testing procedure in the lower permeability concrete used in the
piles) may be equally or more plausible. Other reports in the literature show high recovery from other
field structures. Overall the evidence available has not provided any conclusive indication that nitrite
spontaneously decomposes in the concrete over the time frame investigated.
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2.1.2 Organic Corrosion Inhibitors I and R (FerroGard 901, Rheoerete 222+)

Except for the initial results on aging of FerroGard 901 indicated in Section 1.1. the stability of these
inhibitors has not yet been examined in detail, pending development of more quantitative analvtical
methods.

2.2 Binding Effects

2.2.1  Detinitions and Techniques

An extensive series of tests was conducted to determine which fraction of the nitrite was present in
the pore water of the concrete. The amount of nitrite that could be extracted with the procedure
indicated in Section 1.1.1.1 will be designated as the roral nirrire and expressed in units of mass per
unit mass. or unit volume. ot concrete. The nitrite present in the pore water will be designated as free
nitrite. The free nitrite can be expressed as well in units of mass per unit mass. or unit volume, of
concrete. but it is usually obtained by analysis first as mass per unit mass. or unit volume. of pore
water. Iree nitrite analysis procedures have been implemented only for concrete equilibrated with
100% RH air and assuming that only the capillary pores of the concrete are tilled with water. so free
nitrite 1s reported for that condition only. In that condition the volume of water in the pores is equal
to the conerete volume multiplied by the concrete capillary porosity €. Therefore the free nitrite
content measured as mass per unit volume ot capillary water can be converted. by multiplving by «.
into free nitrite as mass per unit volume of concrete. When both the total nitrite and the free nitrite
arc expressed in that manner. the hound nirrire can be defined as the difference between total and free
nitrite.

Two techniques were implemented in this project to measure free nitrite. The first was the well
established Pore Water Expression (PWE) method. suitable for cement paste. mortar. and to some
extent tor concrete where sample vields may not be sutticient for analvsis. The second method was
[n-Situ Leaching (ISL). less limited when sampling concrete. These techniques are described in the
following sections.

2.2.1.1 Pore Water Expression (PWE)

PWE procedures were performed as described in Reference (6), using a custom-made hydraulic press
with a 20 mm bore expression piston and a nominal pressure of ~650 MPa applied in gradual steps
over ~35 minutes (Figure 6). Depending on the quantity and the water/cement ratio of the sample.
cach test usually vielded from 0.5 to 1 ml of pore solution. The pore water was collected with a
svringe and then weighed on an analytical balance. The pore solutions were immediately analyzed for
pH. chloride. and nitrite.

The concrete and mortar samples for PWE were prepared as follows. The materials were manually
mixed inside a plastic container and then cast into PVC pipes (17 mm LD, and 150 mm long). with
both ends sealed with rubber stoppers. The diameter ot the mold was chosen so that the cast cylinder
could fit into the pore expression bore without being further crushed. The pipes were rolled
periodically during the first few hours after casting to minimize possible segregation. The specimens
were demolded after 24 hours and then transferred into airtight PVC bottles. Nearly 100% RH was
maintained in the bottles by spraving a small amount ot distilled water mist when necessary.
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| - piston

2 - carbon steel cylinder
3 - concrete sample

4 - bottom steel platform

Figure 6. Schematic of PWE Arrangement

To study the binding properties of DCI-S in concrete, concrete samples with a w/c ratio of 0.45 and
various inhibitor additions were prepared according to the mix proportions shown in Tables 9 and 10.
To reveal possible differences in the nitrite binding behavior between calcium nitrite and sodium
nitrite, additional mortar specimens with w/c = 0.45 and sodium nitrite additions were prepared. The
purpose of using mortar samples instead of concrete samples was to achieve a higher yield of pore
solution from each test. The nitrite contents in those specimens (either from DCI-S or 99.1% pure
crystalline NaNO,) are given in Table 10. To investigate the interaction between chloride ions and
nitrite ions, mortar specimens (w/c = 0.35, 0.45, and 0.55) containing 1.46 percent nitrite (from DCI-
S) and various amounts of chloride (0.5 percent. | percent, 2 percent. and 4 percent from NaCl) were
also prepared. The cement content in all the mortar specimens was 700 kg/m*. PWE was usually
performed after two weeks of curing, when the pore water composition was found to be stabilized.

2.2.1.2 In-situ Leaching Method (ISL)

The ISL method was developed recently in this laboratory.””” Cylindrical specimens (100 mmx200
mm) with and without DCI-S were cast as part of large mix batches (>0.26 m’ ea.) per mix design in
Table 11. The specimens were cast in plastic molds, demolded atter 24 hours. and then cured in
Limewater for 160 days. One cylinder from each mix was then cut transversely in half with a
diamond saw. Three holes ~5 mm diameter and ~30 mm deep were drilled perpendicular to each of
the freshly cut surfaces with a masonry drill bit. The holes were equidistant to the center of the
cylinder and ~30 mm apart from each other. The holes were carefully cleaned after being drilled to
remove all traces of dust. An acrylic washer was then attached to the rim of each hole with a fast-
curing epoxy. Immediately after that, 0.4 mL of distilled water was injected into each hole with a
svringe, and rubber stoppers were pushed into the acrylic washers. The solution inside the hole was
thus completely separated from the outside environment. The prepared specimens (Figure 7) were
then placed inside a closed ~100% RH chamber so that the concrete remained saturated with water
(the preparation procedure was performed quickly to minimize evaporation). A tray filled with
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Table 9. Mix Proportions of Concrete Specimens for PWE Tests,

Material Pore Expression
Cement content (l\'g/m‘T) S04
Alkali (as Na-O) in cement (Yowt) 0.37
Water (kg/m') o227
I AL (Ottawa 30-70 sand) (l\'g/nf‘) RN
C. AL (limestone) (kg/m™) 733
Max. aggregate size (cm) (1.6
NO)- Per Table 10
Woe ratio 0.43

Table 10, Nitrite Ton Dosage in Concrete Specimens.

Mix Designation Admixed nitrite (NQO-7)*
(as Yowt. of cement)

DCIO 0

DCTI 0.18
DCI2 0.37
DCIB 0.73
DCI4 |40
BIGN 2.02

FObtained by addition of DCI-S assuming that it contained 30.0 "owt Ca(NO:): (or
20.9 "owt NO-). or by addition of the appropriate amount of solid NaNO,

saturated calcium hydroxide solution was placed inside the chamber to act as a CO| trap to avoid
carbonation.

The pH of the solution in the holes was measured in-situ by means ot a MI-403 micro-pll1 glass
clectrode and a silver-silver chloride reference electrode. Betore and atter cach pH measurement. the

-

clectrodes were calibrated in standard pH 100 pH 12 and ptl 13 butfer solutions. A small pipette was

Fable 11, Conerete Mix Design for ISIL Tests.

Concrete Control Concrete with Inhibitor
(CCTR) (CDChH

Cement type § [l
Cement content (kg'm”) 391 391
Alkall (as NaoO) in cement (Yowt) 0.531 0.51
Water (kg/m') 149 160
Fine agg. (sand) (kg/m™) (SSI) 709 696
(‘qu‘se agg. (kgm™ . (SSD) 057 948
(Limestone. max. agg. size 1 cm)

Inhibitor (L/m") 0 22
w/e ratio 0.38 0.41
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Figure 7. Schematic of ISL arrangement

used to extract ~10 pL of the solution from the holes at various times after the initiation of the
experiment. The amount of extracted solution was determined to an accuracy of 0.1 mg while
transferred into a 100 mL. volumetric flask bottle placed on an analytical balance. The flask was then
filled to 100 mL with distilled water. Further dilution was made when necessary. The nitrite content
in the diluted sample was then analyzed spectrophotometrically as described in Section 1.1.1. The
results from multiple holes in a sample were averaged.

2.2.2  Nitrite Binding in the Absence of Chloride Ions

For chloride-free specimens in which nitrite was introduced as calcium nitrite. the free nitrite in the
pore water was found to be present in a concentration approximately proportional to the total nitrite
content of the concrete (Tables 9 and 10), as exemplified in Figure 8. All tests were performed at
21£2° C. The proportionality was such that for a total nitrite content of 5.8 kg per m* of concrete (a
typical specified admixed dosage) the free nitrite had a pore water concentration of about 0.2 M. If
the concrete capillary porosity had a typical value of &= 0.1, then 0.2 M pore water nitrite would
correspond to about 1/6 of the total nitrite (see Appendix 3). This behavior was typical of all the
chloride-free specimens investigated. The results indicate that much of the admixed nitrite is bound
in some manner in the concrete matrix. Figure 9 shows the same results for calcium nitrite but
expressed in the form of a binding isotherm where bound nitrite is given as a function of free nitrite,
assuming € = 0.1. The near linear nature of the binding in the concentration range examined can be
appreciated; the results can be approximated by a straight line with slope ~7. The binding process
itself has not been identified, but it appears to be nearly completely reversible since the water
extraction technique detailed in Section 1.1.1.1 is able to approach 100 percent extraction by simple
leaching in a large enough amount of water.

Figure 9 compares the binding isotherms obtained when admixing calcium or sodium nitrite
(assuming € = 0.1 in both cases). When nitrite was introduced as sodium nitrite, binding was still
present but to a lower extent than in the case of calcium nitrite. At the higher dosage levels the nitrite
introduced as sodium nitrite was present in the free and bound forms in roughly the same amounts,

22



20000

3 —e— run#1
& 15000 O run#2.
©

=

c

8 10000

o]

&

£ 5000

jus

Q

o

IC 0

0 1 2 3
Total admixed nitrite (% by weight of cement)

Figure 8. Relationship between total admixed nitrite content in concrete (w/c = 0.45,
cement content = 500 kg/m?) and pore solution free nitrite concentration as determined
with PWE method. Results from duplicate specimens (for total nitrite 1% = 5 kg/m”,
for free nitrite 4,600 ppm = 0.1 M).

while the bound form was predominant in the case of calcium nitrite. The relationship between the
bound and free contents was noticeably less linear for sodium nitrite than that for calcium nitrite.

Tests with the ISL method were used extensively to investigate effect of nitrite on pore water pH
(Section 3.1), and provided independent confirmation of selected PWE results described above.

40
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20 —8— Ca(NO,),
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Figure 9. Nitrite binding isotherm in mortar (w/c = 0.45, cement content =
700 kg/m’) expressed in mass per unit volume of mortar assuming € = 0.1, as
determined by the PWE method.
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2.2.3 Nitrite Binding in the Presence of Chloride Ions

Introduction of chloride ions (admixed as sodium chloride) decreased the extent of nitrite binding in
mortar admixed as calcium nitrite and released more nitrite into the pore water. as shown in Figure
10 for a series of PWE tests. With enough sodium chloride addition. the binding of nitrite admixed as
either calcium or sodium nitrite was essentially the same as in the case of sodium nitrite without
chlorides. Admixing sodium chloride did not significantly alter the extent of binding of nitrite
admixed as sodium nitrite. The decrease in nitrite binding upon introduction ot chlorides in concrete
admixed with calcium chloride is a potentially beneficial effect. If the same were to take place when
chloride penetrates from the outside (for example in a marine environment). the reduction in binding
would lead to an increase in the local free nitrite content coincident with chloride arrival.

2.2.4 Organic Corrosion Inhibitors F and R (FerroGard 901. Rheocrete 222+)

The possible concrete binding characteristics of these inhibitors have not been yet examined. pending
development of more reliable analytical methods.

2.3 Other Inhibitor Mechanism Issues - Dosage Needs

2.3.1 Calcium Nitrite-based Inhibitor (DCI-S)

2.3.1.1 Pitting and repassivation tests

Evidence that nitrite concentrations in excess of the chloride concentration suppress initiation of

pitting in simulated concrete pore solutions is already well documented in the literature.”’ Tests in
this project were conducted to determine the effect of nitrite when chloride contents are significantly
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Figure 10. Effect of chloride content on free nitrite in pore solution from mortar
(cement content = 700 kg/m*) containing 1.46% by weight of cement (10.22 )
kg/m” of mortar) total admixed nitrite from DCI-S (1% total chloride = 7 kg/m",
4600 ppm free nitrite in pore water = 0.1 M),
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inexcess.  Electrochemical tests of steel were conducted in simulated concrete pore solution

(IN }~0.36 M = [Na']~0.2 M (balance OH): pH~15.6: saturated with CatOH).) with additions of 0.8
Mor 1.5 M NaCl and various amounts of nitrite (added as caleium or sodium nitrite). The [NO.]
was between 0 M and 0.26 M to represent levels comparable to those encountered in the pore water
analyses of concrete with admixed calcium nitrite (Section 2.2.3). Steel specimens with ~60 ¢m-
nominal surtace area were cut trom ordinary reinforcing steel bar and sandblasted before each test.
1he evelie polarization technique was employed to determine the pitting and repassivation potential
of steel in cach specific solution. An anodic scan rate ot 0.167 mV's as specitied in the ASTM
standard test practice G-61 was used throughout the tests. All tests were performed at 21£2° C.
Farlier laboratory experiments indicated that a scan rate ot 0.167 mV s used in the experiments was
reasonably away from a domain of large scan rate dependence ot the pitting potential .=

Results of the tests with calcium nitrite (introduced as DCI-S) are shown in Figures 11 and 12, For
both levels of chloride contamination there was a small. gradual increase in the average value of the
pitting potential. as well as the repassivation potential. as [NO ] increased from 0 M to (.26 M. The
imcrease was more notable for the 0.8 M Cl solution. for which Ep was about =0.2 V SCE after 0.04
M NO. addition. Since the open-circuit potential of passive steel in concrete tends to be on the order
ol 0.0V SCE it is possible that even this low amount of NO." could have a significant beneticial
ctlect in preventing corrosion initiation (but not propagation: as Lr was about 400 mV more negative
than Lp in both cases). Observation of the surface of the specimens after completion of each test
revealed another possible beneficial effect: without NO - addition. the corrosion on the surtace of the
specimens involved usually few but large pitted spots. where corrosion propagated easily. In
contrast. with NO, the pits tended to be numerous but generally small and with no evidence of fast
propagation. _
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Figure 11. Effect of nitrite content (from DCI-S) on pitting (Ep) and repassivation (kr)
potentials of rebar steel (sandblasted, 60 cm® nominal surface area) in simulated pore
solution with 1.5 M NaCl addition as determined by cyclic polarization technique with
an anodic polarization scan rate = 0.167 mV/s (for nitrite concentration. 4600 ppm =
0.1M).
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Figure 12. Effect of nitrite content (from DCI-S) on pitting (Ep) and repassivation
(Er) potentials of rebar steel (sandblasted, 60 cm?) in simulated pore solution with
0.8 M NaCl addition as determined by cyclic polarization technique with an anodic
polarization scan rate = 0.167 mV/s (for nitrite concentration. 4600 ppm = 0.1 M).

Results of tests with sodium nitrite are presented in Figure 13. For the same amount of nitrite
addition. the pitting potential of sandblasted rebar steel in the NaNO -containing solution was
generally ~300 mV higher than that obtained in the Ca(NO,), -containing solution. The difference in
pitting potentials may be explained by differences in the way in which calcium and sodium nitrite
affect the solution pH. As shown in Figure 14, both species lower pH but calcium nitrite does so to a
greater extent (discussed further in Section 3.1) and results in a less favorable [OH'] to [C]] ratio
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Figure 13. Effect of nitrite content (from NaNO,) on pitting (Ep) and repassivation
(Er) potentials of rebar steel (sandblasted, 60 cm?) in simulated pore solution with
0.8 M NaCl addition as determined by cyclic polarization technique with an anodic
polarization scan rate = 0.167 mV/s (for nitrite concentration, 4600 ppm = 0.1 M).
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with consequently lower pitting potential. Passivity was promoted whenever either the NO " or the
OH- ion concentration was increased. suggesting that both ions have comparable beneficial roles.

2.3.2  Comparison of Effectiveness of the Three Inhibitor Types

o

3.2.1 Tests in calcium hydroxide solution

Sandblasted rebar steel specimens (nominal area = 60 ¢cm-) were immersed at the open-circuit
potential (I ) in saturated Ca(OH), solutions containing corrosion inhibitors with the tollowing
volumetric dosages: 2.6 percent DCI-S. 2.3 percent Rheocrete 222+ and 7.4 percent FerroGard 901.
The 2.6 percent DCI-S addition corresponds to 7000 ppm (0.15 M) [NO_ | in the solution. an amount
comparable to those expected in the pore solution when typical dosages are used (see Section 2.2).
Since binding 1sotherms are not vet available for the other two inhibitors. their concentrations were
chosen by assuming provisionally that concrete had a capillary porosity ¢ = 0.1. and that one half of
the total admixed inhibitor goes into the pore solution. The steel specimens were first allowed to
passivate in each solution in the absence of any chloride addition. After that. the chloride
concentration was raised by adding NaCl in consecutive steps over a period of several months. In the
solution containing DCI-S. [CT] was increased in steps to 0.5 M. 1.0 M. 1.5 Mo and 2.0 M. [n the
solutions containing Rheocrete 222+ or FerroGard 901. [C17] was increased in steps to 0.1 M. 0.2 M.
and 0.4 M (preliminary tests had indicated that corrosion mode transitions in the organic inhibitor
solutions took place at relatively low [Cl] levels). The open-circuit potential (k) of the steel
specimens was monitored throughout the process. Electrochemical Impedance Spectroscopy (EIS)
tests were conducted periodically in selected specimens to obtain an estimate of the polarization
resistance (Rp). using data in the frequency range ~0.1 Hz to ~0.001 Hz. Nominal corrosion current
density (i ) values were obtained by using the Stearn-Geary equation. i = B/Rp. with Rp = 0.026
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Figure 14. Eftect of nitrite addition (from DCI-S or NaNO.) on pH of simulated concrete
pore solution (the simulated pore solution without chloride and nitrite was ~13.6).
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V.29 At the end of the immersion tests, each specimen was examined for corrosion morphology and
tested for weight loss.

The E _ results as a function of time and chloride addition are shown in Figures 15 through 17. Figure
I8 summarizes the 1 measurements as a function of chloride addition. Under the test conditions,
DCI-S was the most effective in corrosion inhibition. For this inhibitor. occasional downward
fluctuations of E_. suggestive of unstable passivity breakdown. were observed only when [C1]> 1]
M. This value is more than one order of magnitude higher than the chloride corrosion threshold
reported for steel tested under similar circumstances, but in the absence of inhibitor® The nominal
corrosion current density was < 0.01 pA/cm?, a value normally not associated with .significant
corrosion, even when [Cl]} reached 2 M. Small-sized corrosion pits were found on each specimen
upon final inspection, but overall weight loss was negligible.

In the solutions with Rheocrete 222+ or FerroGard 901, potentials indicative of steady active
corrosion of steel (about =500 mV/SCE) were detected when [Cl] > 0.2 M. As [CI] increased
toward 0.4 M, the nominal corrosion current density reached top values that were over one order of
magnitude higher than in the DCI-S tests. Weight loss measurements at the end of the exposure
period were in agreement with the electrochemical observations. The weight loss of the steel (average
of 5 specimens) in the DCI-S test solution was 0.019 g, while the loss was 0.19 g and 0.35 g in the
Rheocrete 222+ and the FerroGard 901 tests respectively. The difference in behavior between the
calcium nitrite and the other inhibitors is notable considering that the terminal chloride concentration
was much greater in the DCI-S test solution than in the others.
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Figure 15. Evolution of Eoc of sandblasted rebar in Ca(OH); solution with DCI-S
(2.6% v/v, equivalent to 7000 ppm or 0.15 M NO;"). Chioride was increased stepwise
by adding NaCl into the test solution. D1-D5 indicate replicate specimens.
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Figure 16. Evolution of Eoc of sandblasted rebar in Ca(OH)2 solution with FerroGard
901 (7.4% v/v). F1-F5 indicate replicate specimens.
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Figure 17. Evolution of Eoc of sandblasted rebar in Ca(OH) solution with Rheocrete
222+ (2.5% v/v). RI1-R5 indicate replicate specimens.
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Figure 18. Nominal corrosion rates from EIS as a function of added chloride content.

OBJECTIVE 3 - DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS -
MECHANISTIC ISSUES

Eftect on pH of Pore Solution
3.1.1 Calcium Nitrite-based Inhibitor (DCI-S)

The presence of DCI-S had a signiticant effect on pore solution pH, as shown by tests using the ISL
method (Section 2.2.1.2) performed on concrete with and without admixed DCI-S (mixtures CDCI
and CCTR respectively, Table 11). Addition of 22 L/m® DCI-S in concrete decreased the pore
solution pH by about 0.3 units (Figure 19). The pH drop was proportional to the total nitrite dosage
in concrete (Figure 20). Although the presence of NO, ions in the pore solution is beneficial to the
pitting resistance of reinforcing steel in concrete. the decrease of pore solution pH upon introduction
ot calcium nitrite could lessen its inhibition effect as compared with sodium nitrite. This issue has
been discussed in Section 2.3 when documenting this effect in simulated pore water solutions.

The pH drop can be interpreted as a result of the limited solubility of Ca” ions. Calcium nitrite is
highly soluble in neutral water (46 g at 0°C and 89 g at 91°C in 100 mL of water for
Ca(NO,),-2H,0).%" However. in solutions of very high pH value the concentration of Ca™ ions is
strongly limited by the solubility product ot Ca(OH), (K, =1.3x10" at 25° (."" For example. in a
solution of pH 13 at 25 °C the solubility of Ca®" is ~8x10* M. which is about 1/200 of the
concentration of a pH 12.6 solution containing only saturated Ca(OH), at the same temperature.
Since the concrete pore solution without corrosion inhibitor had pH ~13.4. the equilibrium amount of
Ca- ions was very small. The presence of calcium nitrite in the pore solution causes part of its Ca**
ions to react with the OH ions in the solution to precipitate calcium hydroxide as follows:

Ca" + 20H — Ca(OH), (s) (7)



13.6

13.2
T
2 130 —A4

——CCTR 1-2-3
——CDCI 1-2-3
—O0—CCTR456 | |
—&—CDCl4-58 | |

12.8

126 fl 1 L | 1 1 A
0 5 10 15 20 25 30 35 40 45 50

Time (days)

Figure 19. Evolution of pH in conerete holes of duplicate specimens using the ISL
method (calibrated to 21° (©). CCTR: Concrete specimens without NO,, CDCT:
with NO,". Mix design listed in Table 11.

The precipitation of Ca(OH), (and consequent reduction in pH) takes place until a new equilibrium
is reached in accordance with the value of the solubility product. Charge neutrality has to be
maintained by replacing OH" ions with an equal amount of NO," ions if the total alkali content in the
pore solution is assumed to be unaffected by the introduction of calcium niwrite. The NO -
concentration in the pore solution (8.000 ppm. or 0.17 M. measured in the CDCI conerete specimens
by ISL) greatly exceeds that of Ca*" in the pH range of interest. The pH depression due to the
presence of the inhibitor can then be simply estimated from

[OH - [OHT]; = [NO.] (8)

where the subscripts i and n correspond to the conditions with inhibitor and without inhibitor
respectively. As an independent check, the nitrite concentration in the pore solution could be
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Figure 20. Effect of nitrite dosage (from DCI-S) on the pore solution pH
expressed from concrete (w/c = 0.45, cement content = 500 kg/m”) (1% total
nitrite = 5 kg/m* of concrete; 4600 ppm free nitrite in pore water = 0.1 M).
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estimated from the pH measurements according to:
tpht, N0 (phy o

N =t ot 0

1 N
[y s

where X is the logarithm of the dissociation constant of water. pH and ptl ~arc the pH. and v and 7y,
are the activity coefticients. of OH ions in pore solution in concrete and mortar with and without
mhibitor respectively. Using the approximations X = -14. v = [.and 7 = 1. application of Eq (9) to
the example in Figure 19 (ptl - 134 pH ~ 13.1) vields [NO |- 0.12 M. which is on the order of
the divectly measured value of 0.17 M. More detailed examples using this approach are given in

Relerence (0),
.12 Organic Corrosion Inhibitors

Preliminary tests with Rheocrete 222+ and FerroGard 901 did not reveal any signiticant effect of the
presence of these inhibitors on the pH ot the conerete pore solution.

OBJECTIVE 4 - ESTIMATE LONG-TERM EFFECTIVENESS - PERFORMANCE TESTS
4.1 Perform Long-Term Laboratory Tests, Outdoor Sheltered Tests, and Field Tests
4.1.1  Approach and Lxperimental Procedures

The purpose of these tests was to evaluate the effect of the presence of each tvpe of inhibitor and its
dosage on the onset and progression of corrosion in concrete. Special emphasis was given to
establishing the critical chloride concentrations for corrosion initiation for cach inhibitor. as a
function of conerete mix parameters. T'he tests are designed to obtain critical chloride concentrations
by incorporating information from nondestructive electrochemical testing. periodic sampling for
chloride content. and detailed autopsy analysis. The variables examined inctuded type of concrete
(Tyvpe [T eement conerete. conerete admixed with microsilica. and concrete admixed with both fly ash
and microsilica). tyvpe of inhibitor (cach of the three commercial products plus blank controls). and
extent of inhibitor addition (full dosage and halt dosage).

A summary of the mix proportions used is given in Table 12, All mixes used 985 kg/m* coarse
rregate with a maximum diameter of 10 mm. The coarse aggregate was oolitic limestone unless

ag &

[{
otherwise indicated. The fine aggregate was silica sand with a fineness module of 2.16. The
cementitious factor was 7 bags (390 kg/m?), with either 20% Type I {1y ash and/or 8% silica fume

replacement ot cementitous material. Lixamples of typical mix designs used are listed in Table 3.

The concrete was batched ina 27-ft central mixer. which is located in a warehouse environment.
During extreme conditions. batching was conducted with a portable mixcer in a temperature-
controlled room. To maintain control of the w/c ratio. all components were carefully measured and
ageregate moisture adjustments were made according to standards. All aggregate was obtained from

)
& & oo

FDOT approved sources. and tests were conducted to determine proper gradation betfore batching.
The bagged aggregate was submerged in water and completely saturated prior to mixing. One hour

hetore mixing began the aggregate was removed from the tanks and placed on grating. This was
done to drain excess moisture trom the aggregate and to ensure a more accurate w/c ratio was

2
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Fable 120 Concrete Mix Proportions
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achieved. The conerete was placed into the forms in two hifts using ordinary hand tols. A wble
vibrator was used to consolidate the laboratory specimens. For cach lilt the concerete was vibrated
for 45 scconds. Specimens for field testing were externally vibrated aiter cach Bt After the
spectmens were cast. they were given a fight trowel finish and covered with polvethviene 1ihm for 24
hours. Next. the forms were stripped and specimens tor G-109 tests (see below were transported o
a moisture room where they remained for 28 davs. Upon removal tronm the moisture chamber. the G-
109 specimens were sealed in polyethylene bags to prevent carbonation. The specimens remained in
the bags untl they were 90 dayvs old to ensure that some degree of maturity developed before testing
commenced. All other specimens were cured in 100% humidity condinons tor 72 hours and also
cured for at least 90 days betore testing. Other differences m typical fabrication ol the G-109
specimens include: Specimens were cast upside down to minimize subsidence eracking over the top
rebar (anode). and the specimen face to be ponded was notwire-hrushed sinee it was a torm face
rather than a floated surtace.

Three basic types of reinforced concerete specimens were used: Specimens manutactured and tested in
accordance with a standard laboratory test method (AS TN G-109: Figure 2 Lewiy: sheltered. outdoor
specimens designed to provide relatively short-term results (three-bar columns - uneracked. cracked.
and blank. Figure 22(a)): and specimens that will provide Tong-term test results (field columns.

Freure 23(a)). The dimensions and physical arrangement of cach tvpe ol specimen are detatled in

Fraures 2H(h). 22(b). and 23b). The nomenclature used to designate cach combination of specimen
tvpe. mix design. and inhibitor dosage is indicated v Table 130 Control specimens without inhibitor
addition are indicated by CTRIL. Lxamples of spectfic mix designs are given i Table 30 Tuhibitor
dosages are mdicated by either 1.0 (full recommended dosage per manuiacturer guidelinesy or 0.5
(half dosage). Specimens with 0.24 ke/m> CIaddition are indicated by €1 The nomenclature 1s
sell-explanatory for the rest ot the cases. The number of specimen replicates made tor cach
combination is indicated in the table.

Triplicate specimens of selected three-bar specimens had cracks defiberately introduced. The
purpose of cracking these specimens was to determine it the corrosion inhibitors could slow or
prevent the formation of corrosion. even in the presence of cracks. Fhe procedure for mtroducimg the
cracks was as follows: a groove 6 mm wide and 15 mm deep was cut 178 mm from the bottom of the

bl
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Cathode e © © |25

Anode

TOP VIEW

Cracks Introduced
(Cracked Specimens Only)

- \Water Level

® Blank specimens contain no reinforcing steel

(b)

. #4 Bars

120" | 2" Cover

F 60"

| Test Box
High Tide (Insulated Wires to Each Bar)

Mud Line

Figure 23. Field columns.

34

(b)




tre i} B[ Tl 8] L v [43 <l 133 4] <l (44 V1O L
i 0 0 0 ( 0 ! 0 0 0 0 0 0 +1d Oy
153 0 9 13 ) 9 01 8 v 9 T £ 9 0 1-Td-03d
1 8] 0 0 0 0 0 0 0} |3 < () 9 S OTd-Od
| 0 0 0 0 3] i 0 } (} (} ( () 1+Cd-104
ts 0 Y |3 0 9 01 R |3 9 < 13 9 O F-cd-10a
Il 0 0 0 [§] 0 O ) } 3 [ (0 9 S0 Td- U
i 0 0 8] [} 3} i 1] 8} (} 0 Y 0 1o+Td-dAAd
ty 0 9 3 () 9 01 8 ¢ 9 { 3 0 W i-cd "l
Il 8] 0 0 (} 0 0 0 (} 13 T 0 9 S0 Cd-dHd
I ) 0 0 0 0 1 0 0 0 0 0 0 I+Td-TH LD
Lt (} §] ¢ 3] 9 01 8 t 9 < 3 9 bod T
INSRId HOVHL NI LY AMVIId PINHI HIAN SHVHUY dM W dxd | NIWTOD 601 NIN:VIOD NIWITHOD NIW:YTOD AWVN
MN/TIO L ANTHA TAD OXY SSIJINT 0ot TAD CIXY TAD) BX Y [CRRIE ANVII AayAvd-t Avd v XA
SIS B8V HOT P 0= yM Td dNOHD XTIN
6L Lis 81 [ Cl ¥ 9y 91 Tl %Y jdl C cr 1V .LO L
i i} 0 0 1] 0 I 0 ( 0 0 0 {1 A Ed-O™
6% cl 9 ¢ () 9 8 ¥ ¥ 9 7 ¢ 9 Ob-Td O
11 0 §) 0 0 ] 0 0 O £ { 0 9 S rdOTd
I 8] 8] ¢! (1 ) i 0 0 8] 4] 0 ) 1+ Ed 1A
33 g 9 13 0 9 ] ¥ 3 9 < t 9 G 1-id-1a
bt 0 0 [ 0 0 (} 0 0 13 < 0 9 SO 1A
i 0 [} 0 0 0 [ 8] 0 0 0 0 () 1)+ 1d A3
[i3Y Cl 9 v () 9 8 t 13 9 C ¢ 9 O -Td A
Il { 0 ( 4] §] 0 ( [} 13 < 0 9 SO Td A
I [} &} 0 ¥ 0 i ) 0 0 0 0 0 [D+H1d-Td L)
T 0 % 8] {} 3} 4] i} 3 [y 0 0 0 AT LD
9 cl 0} |3 Cl 9 8 |4 0 9 C 3 9 F1d- T4 L)
WSId HAVIT INGAAL) AMVETS PNHD HING SHVIIY dM ¥ 408 | NIRTTOD 601D NINITTOD NW100 NWOTOD AWVN
XUN/IP10 | AN TAD 9XE SSTAJINT 06T TTAD TEHX9 1A 8XY atad ANV AADAVE ¢ AVt XTW
VA %O 0= M 1 d dDOYD XN
96 } {) i (} () v 91 () i ] {) £ 1V 101
¥ 0 0 £ 8] 8 9 4 (O 3 < 0 9 0 1-¢)0dd
¥ (} 0 3 0 [} 9 v 0 13 [4 0 9 0122 1)a
L4 (} ] 3 0 0 9 v 8} € T 0 9 O 1-Ty 43
te (} () 3 0 8] 9 4 0 13 [4 0 9 I Td L)
NSIAd HOVI1 INTFHAND YIVAR PNHO HINY SAvIEd dM ¥ 404 | NWHOYTOO 601D NINATOD NIW100 NWNTO.) AWVYN
XUA/IPI0 | ANTAY TAD 9OXt SSHAJWNI 06¥0 AN TIX9 | TAD 8X¥ aTard ANVIH MAD AVE ¢ dve-t XIW
05°0=% -2 d10AD XIW
LIT 3] T (4] [4 v 8T 91 4! 1T 14! (4 43 TV .10.L
134 0 9 13 0 9 L 4 t £ 4 £ 9 G I-1D-0dd
13 0 ) 0 0 0 0 0 0 3 < 0 9 S0-10-034
134 O 9 13 0 9 L 14 £ |2 [4 £ 9 0'1-123-100a
11 () 0 0 ( 0 () 0 0 € 4 0 9 $0-12°10d
[ 0 9 ¢ 0 9 L 14 3 £ [4 t 9 0'1-10-d34
11 0 () 0 ( 0 0 0 0 € 4 0 9 C0-1D0-ddd
£ 0 0 0 0 3 0 0 £ 0 0 0 1] IO LD
43 3 9 € 4] 9 L 14 0 t C ) 9 1101410
WSIAd HOVA1 INTIND YIVAIE PNHO HUINT SAHVIEE |«dM B dO¥| NIWATOOD 601D NWN100 NHWNTOO NIW'TIOD JWVN
XTA/IPIO ANITIY TAD 9Xt SSHAJNI 06D TAD TIXY9 | TAD 8XV atai PNV MADAVE-t qve-¢ XN

L) = oM

10 dNOAD XIW

XLNBIA XA 21210U00) €] 9qrL

35



Aipgeourad o - dM
Anpiqeaterod oprojyd pidey - Y «

LIyl 8t 8L 8 8t 96 9¢T 9Ll 8t L+l tL 09 oy VIOL
INSTHd HOVHT INTAAND ATV IHA ONHD HILNT SMvdd dM 9 d | NIWOTTOD 601D NIWNTOD NIW(YT10D NWNTOD IdA L
sppriog, | oanee | Ao oxe | ssmrant o6td | 1A Tix9 | TADsxy | anaw ANV [ uve | dveas | a1divs
AdA L ATINVSST TINYS 40 SAAWAN TV 1O 1
v81 0 0 z z I 9¢ € zi z1 3 i 7 101
r 0 0 ¢ 0 9 6 3 £ 5 z ¢ 9 0 1- 19074
o 0 0 ¢ 0 6 3 ¢ ¢ z ¢ 9 0119100
oF 0 0 ¢ 0 9 6 3 ¢ ¢ < £ 9 0 119
£ 0 0 0 0 0 0 0 R 0 0 0 0 T ID R
s 0 0 ¢ Tl R R 0 R v 9 IO RILD
WS IRl d HOVIT | INTRRIND | MIVARN DNHO HINT SHVARME | dM % dOd | NWYIOD | 6010 | NWA'IOD | NWNI0D | NWNTOD | VN
XUAIOL | ANERE | TAD 9XE | ssridwi o6td | 1a0cixe | o sxr | a1 NNV [ avase] dves XIA
140 =9 1D dNOND XIN
el 0 0 1 0 e <y 0 < 8 cl +C V100
£t 1] 0 £ 0 8 R 0 € 7 ¢ 9 O i-t+d-Ood
£t 0 0 ¢ 0 0 8 3 0 ¢ z ¢ 9 01 pd100
¢ o 0 ¢ 0 0 8 3 0 ¢ z ¢ 9 EYEEN
(23 0 0 3 4] 0 8 R 0 Y < i3 9 td-TALD
WSTd HOVIT | INTRRND | VAT DNHD HING SHVENE | dM % dod | NWNTOD | 601D | NWATOD | NANT0D | NINTIOD | TIAVN
xuaqeio L | ANITS | TAD 9XE | ssedwg o6td [ 1A TIx9 | TAD8XE | aEu ANV D uvE€]  ave XII
1S %8 150 = oM +d dNOWD XTN
991 0 81 i oA 0 9% Tt 0 e 8 0 7 W01
of 0 9 ¢ 0 0 6 8 0 9 z 0 9 0 1-td-OHd
ot 0 9 ¢ 0 6 8 0 9 z o 9 0 1€d10d
ov ¢ 0 6 3 0 9 z 0 9 0 Tt d I
ot 0 0 % zi 0 6 3 0 9 z 0 9 FETIR)
WS HOVHT LN AvVdTA DNHO HIN SAvVEEd «dM I 4 NWNTTOD 601D NIWTO)D NINNTOD NINOTOD HINVN
XOA/PI0 L ANITHYA TAD 9Xy SSHAANI 06tD TRD TIX9 TAD 88X+ AT MNVIY MNADIAVL-¢ AvH-¢ XTIN

VA4 %0T 050 =2t d dNOUD XIW

Panunuod - XLIBA XIA] A210u0)) "¢ Jqul,



spectmen. The groove was cut into three sides of the specimen and steel collars were placed 6 mm
from each side of the groove. The steel collars were designed to prevent the concerete from being
crushed and control the position of the crack. Each specimen was placed in a compression machine
under three-point loading: pressure was slowly applied until a visible crack developed. The
deflection ot the rebar maintained the crack width between 0.01 mm and 0.08 mm. with an average
width ot 0.04 mm.

4.1.2° Test Progression. Laboratory and Outdoor Sheltered Tests

Concrete preparation in batches tor this project began on December 16. 1996, and continued until the
fast mix was completed on June 19, 1997, Initial testing of ASTN G-109 specimens commenced in
March 1997, and for the three-bar specimens it began in October 1997, The G-109 specimens are
housed in a constant temperature. constant humidity chamber per ASTM G-109. This testing
schedule requires a two week dry cvele tollowed by a two week wet evele. with all tests conducted in
the middle of the wet cycle. The specimens are ponded in a 3 percent NaC'l solution and the ponds
are covered to reduce evaporation. At the end of the two week wet cvele the solution is removed. and
the lids remain off to allow the concrete to fully dry. Exposure conditions for the outdoor sheltered
specimens consisted of continuous partial immersion. as indicated in Figure 22(h). in a solution ot 3
percent NaC'l, at temperatures corresponding to the daily eyele encountered in Gainesville. I'lorida.
starting October 1997, The tour tanks are interconnected and two pumps are used to circulate the
water. ['he water is circulated twice per day to obtain tull water acrauon and uniform chloride
content in the four tanks. The water depth is measured weekly and water is added to compensate for
cvaporation. Salt is added as necessary to maintain the desired concentration. Periodic specimen
tests included half-cell potentials (using a saturated calomel clectrode. [SCE]). macrocell current.
interelectrode resistance. resistance to an external electrode. LIS, polarization resistance. and wet
surface resistivity,

4.1.3  Test Progression, Field Test Specimens

The field specimens were constructed during Spring 1997, Field imstallation of these specimens was
defayed due to environmental permit difticulties. Installation of the fortv-cight specimens at the
FDOT Crescent Beach outdoor field test facility in Florida began on February 23, 1999, and was
completed on March 3. 1999, Initial testing began 8 days after the onset of saltwater exposure.
Three sets of corrosion measurements have been collected for these field specimens. Concerete
resistance measurements (increasing resistance) indicate that the specimens are continuing to cure
and as vet no corrosion activity is apparent. Four field specimens to be studied simultancously were
already in place at Matanzas Inlet in Florida. Two of those specimens call with a 0.41 w/c ratio) are
control mixes and two specimens contain calcium nitrite (3.4 gal ,\'d\). The specimens were cast in
Spring 1986 and installed in Spring 1987,

Routine monitoring of the experimental test piles is in progress. Tests include half-cell potentials vs.
a saturated copper-copper sultate clectrode. macrocell current. interelectrode resistance. resistance to
an external titanium electrode, EIS. polarization resistance. and surface resistivity. The halt-cell
potentials vs. an SCE at the soil level indicate uncertain corrosion activity of the rebar in that area tor
the control specimens. but generally passive behavior tor the specimens containing calcium nitrite.

[n November 1992 two lanes were added to Bridge #150138 on State Road 60 over Tampa Bay.
[Florida. Four experimental piles and caps were included in this construction project. The
37



experimental piles and caps contain Type II cement with low w/c ratios (0.30 and 0.33 respectively).
The mix design specified that the cementitious material be replaced with 8% silica fume and 20%
Type F fly ash. and that the mix also contain 22 L/m* of DCI-S. The experimental piles/caps are
located well above the high tide mark with exposure to salt water limited to extreme storm surges. In
April 1997 FDOT personnel performed an in-depth corrosion survey of these four piles/caps.
Electrochemical tests revealed no corrosion activity, consistent with the relatively moderate exposure
conditions ot these piles. Monitoring of this test site continues.

4.2 Evaluation of Inhibitor Performance
4.2.1 Scope of Early Observations

This report covers test results obtained until mid-late 1999. Within this period. most of the test
specimens remained mactive. Significant manifestations of corrosion were observed only in some of
the three-bar column groups and reporting will be limited to those categories.

Each three-bar column specimen was monitored until visual indications ot corrosion-induced
cracking were observed on the surtace of the specimen. That event was designated as specimen
failure and the failed specimen was removed from the test tank for autopsy. Testing on the unfailed
replicates continued.

Upon later examination, some specimens were found to contain bars that had shifted out of position
during casting. Those specimens and their corresponding time-to-failure and electrochemical data
were removed from consideration when computing average properties or statistical analyses of the
peer group (however, some of the discarded specimens were used to evaluate chloride penetration).
The number of remaining specimens in each group is indicated as “"TOTAL™ in Table 15.

The pre-cracked three-bar specimens experienced very early failures. In June 1998 one third of those
specimens were removed from the tanks, and in November 1999 the last cracked specimens were
removed. Because of the early development of failure there was little differentiation in behavior
between the various categories of pre-cracked specimens, and analysis of those results has been
suspended. Of the remaining three-bar columns, three groups experienced significant deterioration
through June 1999 and will be discussed in detail. The mixes for those groups were C1 (no
pozzolans, 0.41 w/c ratio), C2 (no pozzolans, 0.50 w/c ratio), and 3 (20 percent fly ash replacement,
0.50 w/c ratio). Autopsy information obtained from failed specimens is listed in Table 14. Chloride
contents were measured from concrete removed from the failed specimen as indicated in Figure 24.
In this section. only the results for the specimens with full inhibitor dose will be considered: the
effect of dosage reduction will be discussed in Section 5.1,

Figures 25. 26, and 27 show the evolution of half-cell potentials for mix groups C1. C2. and P3,
respectively. A nominal threshold of -280 mV/SCE (which would indicate greater than 90 percent
probability of corrosion activity per ASTM C-876) was adopted for comparison purposes. The
potentials shown are the average of the specimens of a given type remaining in the tank at the
indicated time. Charting is discontinued after 50 percent of the initial specimens in the group failed.

The sum of the currents flowing between the center bar and the side bars (indicative of corrosion
macrocell activity) was averaged for all the specimens in these groups and is plotted as a function of
exposure time in Figures 28(a). 29(a), and 30(a). Polarization resistance histories for selected
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Figure 24. Location of chloride test specimens from a three-bar column.

specimens in these mix groups are likewise displayed in Figures 28(b). 29(b). and 30(b). Discussion
of these results is given below for each inhibitor separately. Comparisons between the behavior with
and without inhibitors are only relative. and cover a time frame of only about one year. It must be
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Figure 25. C1 group half-cell potentials to a SCE over time for the three-bar
column specimens.
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Figure 26. C2 group half-cell potentials to a SCE over time for the three-bar

column specimens.

emphasized that these trends reflect early behavior in highly permeable concrete. and may be
different than those that will develop for the less permeable concrete formulations.
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Figure 27. P3 group half-cell potentials to a SCE over time for the three-bar

column specimens.
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Figure 28(a). C1 group average current values over time for the three-bar
column specimens.

4.2.2 Calcium Nitrite-based Inhibitor (DCI-S)

As of June 30, 1999, all C1. C2, and P3 specimens but four had failed and were removed for
inspection. Comparing in Figures 25 through 27 the potential data of the DCI-S specimens with that
of the respective controls, the DCI-S specimens exhibited nearly double the nominal time to
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Figure 28(b). C1 group polarization values over time for a selected three-bar
column specimen from each group.
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Figure 29(a). C2 group average current values over time for the three-bar
column specimens.

corrosion initiation (TCT) (assigned as the time at which the average half-cell potential reached —280
mV/SCE) of the controls. From the values in Table 14, the DCI-S specimens also showed a nominal
improvement of about 50 percent over the controls in observed time-to-failure values (although this
tfigure will be updated as the complete set of specimens reaches failure). The DCI-S specimens also
had before-failure macrocell currents (absolute values) lower than those of the controls and the other
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Figure 29(b). C2 group polarization values over time for a selected three-bar
column specimen from each group.
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Figure 30(a). P3 group average current values over time for the three-bar
column specimens.

two inhibitors in the C1 and C2 groups. The polarization resistance of the DCI-S specimens was also
much higher (less corrosion) than that of the controls in all three concretes. and also higher than
those of the two other inhibitors in the C1 group. Additional discussion of the macrocell and
polarization resistance results of all three inhibitors and controls is presented in Section 4.2.5.
Overall. the results collected from electrochemical testing agree with the generally good ranking
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Figure 30(b). P3 group polarization values over time for a selected three-bar
column specimen from each group.
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indicated by the TCI and time-to-failure observations. For P3 group specimens. the controls showed
lower corrosion currents and polarization resistance values when compared to the three inhibitors
studied here.

4.2.3  Organic Corrosion Inhibitor I (FerroGard 901)

As of June 30,1999, all C1. C2. and P3 specimens (except for three) had tailed and were removed
for inspection. Based on trends obscerved from halt-cell potentials over time. FerroGard 901 admixed
specimens provided on average only a very slight improvement in FClover the respective control
specimens. The observed time-to-failure values for FerroGard 901 indicated also only a tractional
improvement over the controls (subject to update as more specimens are analyzed). The
clectrochemical current and polarization resistance results indicate also a refatively modest
improvement over the controls to date.

424 Organic Corrosion Inhibitor R (Rheocrete 222-+)

Gienerally, little consistent ditference in TCT or time to tailure was seen between the Rheocrete 222+
admixed specimens and the respective controls. In contrast. electrochemical measurements showed
evidence of some protection during early exposure of the C1 and €2 groups (but not the P3 group).

4.2.5  Additional Comments

The macrocell current and polarization resistance measurements are relative indicators ot corrosion
intensity. Accurate evaluation of corrosion rates trom those measurements is not possible because of
numerous complicating factors detailed elsewhere. "™ However, rough estimates can be made using
simplifying assumptions.

I'or macrocell current measurements in the three-bar columns. it could be assumed that the central
bar is a pure cathode and that the cathodic current generated at that bar is 13 of the total cathodic
current (the upper portion of the other two bars would contribute the remaining 2/3). The precise
size of the anodic region that developed after corrosion initiation is unknown and was probably
increasing with time as chloride penetration progressed. Nevertheless. based on the overall
appearance of damage in selected autopsied specimens (results to be detailed in a subsequent report).
the fength of the corrading region in bars | and 3 was typically on the order o 10 em. corresponding
to o total corroded area ~80 ¢cm®. Approximating steel corrosion as if it were that of pure l'e oxmms_
¢ 1ons. a uniform anodic current density of 1 A ‘em- corresponds by Faradaie cony ersion” 1o a
corrosion penetration rate of 11.7 pmvy. Thus for these specimens a macrocell current of 10 (A
would correspond to an apparent uniform corrosion penetration rate (in the corroding region) of 10 x
INTL7 780 = 4.4 um/y (0.2 mpy). Average macrocell currents after corrosion initiation in these
specimens ranged from ~10 A to - 200 1A so apparent average penetration rates were in the order
of -4 pm/y to ~80 pumvy (individual bars or portions of bars may have experienced rates significantly
higher than the average). The critical corrosion penetration for cracking the concrete cover. when the
cover to rebar diameter is wmpdrdbk to that present in these specimens. has been reported to be in
the order of ~ 10 pm to ~100 um.  This range roughly agrees with the estimated rates and the
observation of cracking in the three-bar specimens within about 1 vear ot testing.

The available polarization resistance measurements for the three-bar specimens are few in number.
but after corrosion initiation fall in the range from 1.200 Q downto 30 0. Assuming as before
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Faradaic conversion and a corroding surface area ~80 cm’. and a Stearn-Geary constant of 0.026 V,m)
these results correspond again to apparent corrosion penetration rates in the order of ~4 um/y to 80
Ly in good agreement with the macrocell current results.  Detailed analysis ot continuation testing
will be performed to assess the validity of these preliminary corrosion rate estimates.

OBJECTIVE 5 - DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS - PERFORMANCE
TESTS
5.1 Estimated Time to Failure

Expected TCI is based on several tactors including concrete permeability. chloride concentration,
corrosion current, half-cell potential. and polarization resistance. As samples are removed from the

Table 15. Average Days to Failure for Three-bar Columns

SAMPLE MIX PLACEMENT IN AVERAGE DAYS | FAILED SAMPLES /
NAME DATE SALTWATER TO FAILURE* TOTAL
CTRL-CI 01/28/97 10/15/97 298 22
FER-C1-0.5 02/17/97 10/15/97 42§ 6/6
FER-CI1-1.0 01/22/97 10/15/97 414 5/5
DCI-C1-0.5 02/17/97 10/15/97 1492 1.2
DCI-CT-1.0 12/16/96 10/15/97 ~533 2/3
REO-C1-0.5 (12720097 10/15/97 362 373
REO-C1-1.0 01/30/97 10/15/97 279 4/4
CTRL-C2 01/09/97 10/15/97 187 4/4
FER-C2-1.0 12/26/96 10/15/97 279 4/4
DCI-C2-1.0 12/18/96 10/15/97 306 5/3
REO-C2-1.0 12/19/96 10/15/97 317 5/3
CTRL-P! 02/10/97 10/22/97 564 2/3
FER-P1-0.5 02/24/97 10/22/97 >519 2/5
FER-P1-1.0 02/13/97 10/22/97 586 02
DCI-P1-0.5 02/24/97 10/22/97 =580 0/6
DCI-PI-1.0 (13/05/97 10/22/97 >386 0/6
REO-P1-0.5 02/27/97 10/22/97 547 2/5
REO-P1-1.0 02/27/97 10/22/97 364 2/5
CTRL-P2 04/14/97 10/30/97 557 1/6
FER-P2-0.5 04/17/97 10/30/97 578 0/6
FER-P2-1.0 04/17/97 10/30/97 378 0/6
DCI-P2-0.5 (04/22/97 10/30/97 578 0/6
DCI-P2-1.0 04/22/97 10/30/97 ~378 0/6
REO-P2-0.5 4/28/97 10/30/97 >378 0/6
REO-P2-1.0 04/28/97 10/30/97 ~578 0/6
CTRL-P3 04/01/97 10/15/97 =442 4/5
FER-P3-1.0 03/27/97 10/15/97 307 5/6
DCI-P3-1.0 03/24/97 10/15/97 47 4/4
REO-P3-1.0 03/20/97 10/15/97 369 4/4
CTRL-P4 04/01/97 10/22/97 =586 0/6
FER-P4-1.0 03/27/97 10/22/97 ~586 /6
DC1-P4-1.0 3/24/97 10/22/97 ~586 0/6
REO-P4-1.0 03/20/97 10/22/97 >586 0/6
CTRL-GI 05/08/97 10/30/97 376 6/6
FER-G1-1.0 (1520197 10/30/97 456 6/6
DCI-G1-1.0 05/12/97 10/30/97 =378 0/6
REO-GI-1.0 05/15/97 10/30/97 »570 2/5

* "FAILURE" is considered the tirst visual sign of corrosion-induced cracking,
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tank. all of the factors are taken into consideration to formulate a time to failure for the remaining
samples. The addition of nitrite raises the repassivation potential to increase the time to failure. even
at high chloride concentrations.

Preliminary results from a limited number of three-bar specimens show poor correlation between
chloride concentrations and actual time to failure. Possible sources causing this behavior may
include the lowering of concrete pH by added pozzolans resulting in a lower critical chloride
threshold, and non-uniform chloride penetration (“"chloride bunching.” multidimensional chloride
penetration. and the chosen location of sampling for chloride testing as per Figure 24). Work to be
done in these areas includes retrieving chloride samples from the three-bar specimens at the outer
edge of the active bar to investigate the effects of non-uniform chloride penetration. and laboratory
tests to further investigate the effects of lower pH on critical chloride threshold. This work will be
completed and results will be discussed in a future report.

5.2 Determine Effect of Insufficient Dosage on Corrosion Progression

This discussion concerns the effect of inhibitor dosage reduction and supplements the earlier
discussion of behavior under full dosage. Table 15 lists the three-bar column average time-to-failure
values for all mix groups. keyed to whether no inhibitor (control). half dosage. or full dosage was
used. Thus, for those cases the reported average days to failure are only a lower limit resulting from
averaging the actual failure times in the failed specimens with the total test time to date for the
unfailed specimens in the group. The mix groups considered in this section are limited to C1 (no
pozzolans. 0.41 w/c ratio), P1 (20 percent tly ash replacement, 0.41 wic ratio). and P2 (20 percent fly
ash replacement, 8 percent microsilica replacement, 0.41 w/c ratio). Each of these mix groups

includes specimens cast with half and full inhibitor doses.
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Figure 31. Comparison of the Group C1 potential histories of the full-dose
DCI-S specimens, the half-dose DCI-S specimens. and the control specimens.
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5.2.1 Calcium Nitrite-based Inhibitor (DCI-S)

Based on the data taken from ongoing testing, the TCI (defined using the same nominal potential
criterion as in Section 4.2) increased as the DCI-S dosage rate increased. As an example, Figure 31
shows an increase in TCI for specimens containing half the recommended dose of DCI-S (11 L/m*)
over the control and on average nearly double the TCI for specimens containing the recommended
dosage of DCI-S (22 L/m*) compared to the TCI for the control.
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Figure 33. Comparison of the Group C1 potential histories of the full-dose Rheocrete
222+ specimens, the half-dose Rheocrete 222+ specimens. and the control specimens.
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Table 16. Saltwater Exposure Time and Chloride Concentrations for Three-bar Columns.

SALTWATER INITIAL CHLORIDE @
MIX NAME SAMPLE EXPOSURE CHLORIDE END OF EXPOSURE
(DAYS) (Ibfyd®) (biyd?)
FER-C1-0.5 E 478 0.192 6.63
FER-C1-0.5 F 478 0192 705
FER-C1-1.0 D 321 0.204 4.98
DCLC1-1.0 F 321 0.167 7.55
REO-C1-0.5 F 321 0194 578
REO-C1-1.0 F 321 NA 11.60
CTRL-C2 E 321 0179 14.83
FER-C2-1.0 D 279 0.082 755
DCHC2-1.0 A 321 0118 8.42
DC-C2-1.0 B 321 0118 11.44
REO-C2-1.0 A 321 NA 10.44
CTRL-P1 F 546 0182 0.81
FER-P1-0.5 D 314 0.156 2.01
REO-P1-0.5 F 454 0201 3.52
REO-P1-1.0 D 181 0.172 2.59
CTRL-P2 C 476 0242 3.95
CTRL-P3 E 321 0.137 1.43
FER-P3-1.0 B 321 0.15 2.46
FER-P3-1.0 F 321 0.15 191
DCHP3-1.0 F 321 0.192 3.19
REO-P3-1.0 B 321 0.164 6.63
CTRL-G1 c 370 0.318 232
CTRL-G1 D 370 0.318 357
FER-G1-1.0 B 446 0.267 373
FER-G1-1.0 F 370 0.267 3.95

5.2.2  Organic Corrosion Inhibitor F (FerroGard 901)

As seen in Figure 32, the addition of the recommended dose (10 L/m") of FerroGard 901 provided on
average only a marginal increase in TCI versus the control specimens. No noticeable difference was
observed between the halt dose and the control.

5.2.3  Organic Corrosion Inhibitor R (Rheocrete 222+)

No appreciable difference between half the recommended dose and the full recommended dose was
observed. An example of the observed behavior is shown in Figure 33. Generally. the specimens
admixed with Rheocrete 222+ behaved in the same manner as the control specimens.

5.3 Effect of Inhibitor on Chloride Transport

Chloride concentrations were determined according to Florida Method I'M 3-316 (a wet chemistry
test of acid-soluble chlorides. in triplicate with a maximum acceptable range of results being 0.08
Ibs/vd ') on 122 three-bar specimens. Of those specimens. 37 were blanks (cast without steel).
Specimens containing reinforcing steel were allowed to crack before terminating saltwater exposure
and sampling for chlorides. Table 16 lists the initial chloride concentrations of the three-bar
specimens before saltwater exposure. and chloride concentrations at the end of saltwater exposure
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Table 17. Saltwater Exposure Time and Chloride Concentrations for Intentionally
Cracked Three-bar Columns

SALTWATER| INITAL | CL @END SALTWATER| INITAL | CL- @ END
MX  |SAMPLE| EXPOSURE |CHLORIDE |OF EXPOSURE|l MX  |SAMPLE| EXPOSURE |CHLORIDE | OF EXPOSURE
NAME (DAYS) (Iblyd®) (Ibryd®) NAME (DAYS) (lolyd3) (lotyd?)
CTRL-C1 A 279 0.148 7.24 FER-P2-10| A 279 0.279 057
CTRL-C1 C 279 0148 9.56 FER-P2-10| C 370 0.279 078
FER-C1-10| B 279 0.204 7.21 DCHP2-10 | A 468 0282 1.26
FER-C1-10] C 279 0.204 5.87 DCHP2-10| C 279 0.282 077
DC-C1-10| A 279 0167 7.87 REO-F2-10| B 370 0.243 058
DC-Cc1-10| B 321 0.167 10.25 REO-P2-10] C 370 0.243 1.31
REO-C1-10| A 279 NA 7.05 CTRL-P4 A 454 0.245 1.30
REO-C1-10| C 279 N/A 8.76 CTRL-P4 B 272 0.245 115
CTRL-P1 A 272 0.182 0.75 FER-P4-10| B 454 0.244 1.06
CTRL-P1 B 272 0182 2.39 FER-P4-10| C 454 0244 1.12
FER-P1-10] A 272 0.175 1.82 DCHPA-10| B 314 0277 061
FER-P1-10| C 314 0175 0.95 DCHPa-10]  C 454 0.277 2.26
pC-P1-10| B 272 0175 487 REO-P4-10| B 272 0.253 0.81
DCckP1-10 | C 314 0.175 1.58 REO-P4-10| C 314 0.253 156
REO-P1-1.0] A 454 0172 2.56 CTRL-G1 A 279 0.318 6.51
REC-P1-10{ B 314 0.172 1.60 CTRL-G1 C 370 0318 5.40
REO-P1-10| C 314 0.172 1.21 FER-G1-10| B 279 0.267 443
CTRL-P2 A 279 0.242 172 FER-G1-1.0 C 279 0267 2.25
CTRL-P2 c 279 0.242 0.91 DCHGI1-1.0| A 279 0.253 0.49
DCHG1-10| B 279 0253 1.30
(trom the location indicated in Figure 24). These
locations between the bars were chosen to minimize any
multidimensional effects of chloride intrusion, also to
tryv to avoid any chloride bunching around the rebar.
Any bunching would skew the results. Likewise, Table 21— =
17 lists chloride information for 39 pre-cracked
specimens. From the cores extracted. the specimens
tested for chloride content consisted of 6.3 mm slices
taken corresponding to the minimum concrete cover 15" — 7
over the reinforcement. 25 mm. On blank control
specimens. chloride concentrations were determined at ) N
ten separate elevations as shown in Figure 34 to map a 12" — &
general profile of chloride transport. The blank control 10"—
specimens were all sampled at approximately 550 days §
ot exposure. The chloride concentration values g_
obtained from the water line (150 mm from the bottom 6":
of the specimen. and corresponding to the region shown 5" — WATER
in I'igure 24) are also presented in Table 18. As 4"— LINE
mentioned in Section 5.1, further investigation is o
planned.

Table 18 also shows the ratio of chloride content in the
specimens containing inhibitors (average in a given
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testing on blank specimens.




Table 18. Saltwater Exposure Time and Chloride Concentrations tor
Blank Lab Columns

SALTWATER| INITIAL |CI @ END OF | CI' RATIO SALTWATER| INITIAL [ClI" @ END OF | CI RATIO

SAMPLE | EXPOSURE |{CHLORIDE | EXPOSURE |INHIB VS || SAMPLE | EXPOSURE |CHLORIDE | EXPOSURE |INHIB VS,

NAME (DAYS) (Iblyd®) (Ib/yd®) CONTROL] NAME (DAYS) (Ib/yd® (ibryd?) CONTROL
CTRL-C1 552 0.148 3.43 1.00 CTRL-P2 537 0242 0 64 1.00
FER-C1-0.5 552 0.192 3.06 0.89 |FER-P2-0.5 537 0.255 023 0.36
FER-C1-1.0 552 0.204 280 082 |FER-P2-1.0 537 0279 1.79 2.80
DCI-C1-0.5 552 0.206 2 40 0.70 DCI-P20.5 537 025 060 0.94
DCI-C1-1.0 552 0.167 6.53 1.90 DCI-P2-10 537 0282 0.39 0.61
REO-C1-0.5 552 0.194 335 098 |REO-P2-0.5 537 0.26 161 252
REO-C1-1.0 552 N/A 6.09 178 ||REO-P2-1.0 537 0243 0.43 0.67
CTRL-C2 552 0.179 8.92 1.00 CTRL-P3 552 0137 1.45 1.00
FER-C2-1.0 552 0.082 926 104 [FER-P3-1.0 552 0.15 122 0.84
DCI-C2-1.0 552 0.116 774 0.87 DCI-P3-1.0 552 0192 237 1.63
REQ-C2-1.0 552 N/A 5.98 0.67 |REO-P31.0 552 0.164 750 517
CTRL-P1 545 0.182 1.39 1.00 CTRL-P4 545 0245 087 1.00
FER-P1-0.5 545 0.156 1.16 083 |FER-P4-10 545 0244 1.19 1.37
FER-P1-1.0 545 0.175 0.49 0.35 DCI-P4-1.0 545 0.277 068 0.78
DCI-P1-0.5 545 0.173 0.82 0.59 |REO-P4-1.0 545 0253 0.53 0.61
DCI-P1-1.0 545 0.175 0.92 0.66 CTRL-G1 537 0318 5 40 1.00
REQO-P1-0.5 545 0.201 023 0.17 |FER-G1-1.0 537 0.267 2.05 0.38
REQ-P1-1.0 545 0172 1.51 1.09 DCI-G1-1.0 537 0253 230 043

group including both the full- and half-dosage specimens) to chloride content in the corresponding
control. Table 19 shows the average chloride content ratios of the three inhibitor mixes compared to
that of the corresponding control mixes. Since all the analyses for the blanks were made after nearly
the same time of exposure (about 550 days), these ratios of chloride content at the same depth might
reveal differences in chloride ingress. However, the ratios showed a great deal of variability from
group to group. On average. the chloride penetration when comparing concrete with different
inhibitors versus concrete without inhibitor differed by less than a tactor of two. Thus. the results to
date have not revealed any well-defined eftect in chloride penetration from the presence of any of the
inhibitors examined. Chloride penetration data from ongoing tests with the G-109 specimens may
provide more decisive information. Because the times to failure varied widely. an analysis similar to
that of the blank specimens could not be reliably performed on the specimens. The results in Table
16 do indicate typically higher chloride contents at the rebar depth for the failed specimens than for
the blanks. even though the latter were exposed for longer times. This observation likely reflects
enhanced chloride ingress through distressed concrete in the failed samples. possibly resulting from
extensive microcracking during the period before damage became visually apparent.

5.4 Examine Possible Adverse Effects on Concrete Physical Properties
5.4.1  Transport Effects — Rapid Chloride Permeability (RCP).

This test complies with ASTM C 1202. All testing of the mixes listed in Table 13 has been
completed. and results are presented in Table 20. Generally. the 360-day RCP tests resulted in lower

Table 19. Average Chloride Content Ratios of All Specific Inhibitor Mixes versus
the Corresponding Control Mixes for Blank Lab Columns

INHIBITOR | MAXIMUM RATIO | MINIMUM RATIO | AVERAGE OF RATIOS
FERROGARD 2.8 0.35 0.97
DCI-S 1.9 0.43 0.91
RHEOCRETE 5.17 0.12 1.38
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Table 20. Impressed Current. RCP and Surface Resistivity at 28 and 360 Days

RCP (Coulombs) SURFACE RESISTIVITY (kOhm-ciy)
MIX s 4l IMPRESSED 28 DAY . , 360 DAY 360 DAY
CASTDATH GURRENT | DAY RCP| INHIBIOR "(’(;{l()‘l‘fy INHIBITOR | 28DAYS | 360DAYS | INHIBITOR
Days (Ohms) VS CTRL* VS CTRE* VS CTRL*
CIRE-C 01/28/97 19 (445) 35689 1.00 4448 1.00 318 358 1.00
I'ER-C1-0.3 (02/17/97 N/A 6330 |15 5039 RE 2063 322 0.90
FER-CT-1.0 01/22/97 48 (880) 12000 24 4710 106 281 378 1.06
DCL-C1-0.5 02/17/97 N/A 5773 1.01 43038 097 292 384 1.07
DC-CI-1.0 12/16/96 21 (540) 12000 >0 6034 136 277 3.03 0.85
REO-C'1-0.5 02/20/97 N/A 5124 0.90 4571 |.03 203 3.07 1.03
REO-C1-1.0 01/30/97 16 (383) OR21 173 6943 1.56 202 23 0.64
CIRE-C2 01/:09/97 12 (302) 10110 1.00 7166 100 22 2,12 1.00
FIR-C2-1.0 12/26/96 36(710) 12000 119 8102 P4 | O3 217 1.02
DCL-C2-1.0 12/18/90 4224 -1 2000) 119 0839 | 37 |94 2.39 1.13
REO-C2-1.0 12/19/97 16(321) 12000 =119 8000 112 1.0V 1 88 0.89
CTRL-PI 02/10:97 2] (644) 6793 1.00 1011 100 23S 141 1.00
FER-PT-0.5 02/24/97 N/A 0H706 0.99 1056 O 202 NYA NA
I'ER-P1-1.0 02/13/97 164 (3714) 7086 .04 1020 1.01 349 15.28 1.08
DOI-PL-0.3 02/24/97 N/A 6188 091 1257 1.24 20638 N/A N/A
DCI-PE-1.0 03/05/97 2 (436) 11083 1.63 1610 1.59 223 9.61 ().68
REO-P1-0.5 02/27/97 N/A 4478 (.66 929 092 282 N/A N/A
REO-PI-1.0 02:2797 30(872) 4057 (.60 987 UK 203 1503 1.07
CIRI-P2 04:14/97 104 (2914) 939 1.00 549 1.0G 1842 24.77 1.00
FFER-172-0.3 04/17/97 N/A 1093 114 558 1.02 33 2436 0.98
1'1.R-P2-1.0 417/97 154 (3820) H78 112 528 0.96 16,16 26.59 1.07
DCT-P2-0.3 (112297 NYA 2000 4251 N'A N A 113 21.24 0.80
DCT-P2-1.0 (4/22/97 33 (1839) 1662 1.73 680 123 847 198 0.80
RIO-12-0.3 (4/28/97 N/A 1147 |.20 503 092 12,67 2527 1.02
REO-P2-1.0 (/2897 198 (3938) 132 18 498 091 1196 2421 098
CIRL-P3 0401797 25(619) 7328 100 1431 100 202 967 1.00
['FR-P3-1.0 (13/27/97 37 (1143) 0339 1.27 1763 123 249 8.53 (.88
DCE-P3-1.0 (03/24/97 14 (455) GO4 1.25 2722 1.90 235 577 0.60
RIO-P3-1.0 03/20/97 19 (603) 10351 141 1781 1.24 258 815 (.84
CITRE-P4 04/01/97 119 (2642) 1149 1.00 hSAS 100 1667 14.91 1.00
I'ER-14-1.0 03/27/97 106 (2496) 1269 110 984 110 1527 15.02 1.01
DCT-14-1.0 13/24/97 103 (2386) 1K18 1.58 1393 130 1,36 994 0.67
RIO-P4-1.0 0320197 71 (1935) 1419 123 1013 1.13 [533 1395 (0,94
CTRI-G 03/05:97 38(70:h 3461 100 172 .00 S .09 1.00
[1R-Cit-1.0 03/20/97 36 (1350) 4413 1.8 4438 ] 40 323 483 0.89
DCL-GL-1.0 05/12/97 20(577) 4992 L4 4131 20 S3 4.7 0,92
REO-G1-1.0 08/15/97 35(939) RIRIY 1.19 3712 117 64 498 0.97

“ Valye represents the ratio of inhibitor versus corresponding controt mixwithin cach

l\,‘\PCClI\ ¢ mIxgroup.
(improved) values compared to the corresponding 28-day results. which is in agreement with the
compressive strength results showing that the specimens continued to cure. The addition of
corrosion inhibitors (FerroGard 901. Rheocrete 222+) resulted in small or moderate increases in RCP
(see next section) of wet-cured concrete. RCP values were lower tor those mixes using granite as the
coarse aggregate. The addition of {ly ash yielded results indicating a slower curing time. but a less
permeable concrete at 360 days. When microsilica was admixed. the RCP results indicated that the
curing process was accelerated.

Several tests with air-cured concerete resulted in very high (about 12 kC or larger) RCP values. Those
results are being examined for possible experimental artifacts.
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Figure 35. Surface resistivity versus RCP using concrete cvlinders from all mix
groups at 28 and 360 days.

5.4.2 Transport effects — Wet Surface Resistivity (WSR)

The WSR readings were taken at 28 and 360 days on the surface of the same specimens used for
RCP. after moisture conditioning, using a CNS Wenner array probe and the procedure described by
Morris et al."? WSR measurements have been conducted for all groups per the testing schedule, at
28 and 360 days. The results are presented in Table 20.

Table 20 also compares the ratio of 360 day WSR of concrete with each inhibitor to that of the
inhibitor-free controls. An average of the corresponding ratios for all mixtures is presented in Table
21. The addition of inhibitor resulted in only modest reductions in WSR in the more permeable
concretes. For the less permeable concretes (P1 to P4) the DCI-S caused about 1/3 WSR reduction

at full dosage while the effect for the other inhibitors was smaller. These etfects were also reflected
by mcreases in RCP in the corresponding specimens.

As expected. the WSR results correlate well with the RCP results. as shown n Figure 35. Both 28
and 360 day test results have been plotted on the same graph for comparison to the equation
developed by Berke® for correlation between WSR and RCP.

5.4.3 Transport Effects — Impressed Current

This test complies with Florida Method FM 5-522.09 Reinforced concrete “lollipop™ specimens are
subjected to anodic impressed current (from a constant potential source) in 3% saltwater solution.
Generally. the longer the specimen lasts under test. the lower the permeability. Information obtained
from this test is indirectly related to the concrete permeability. which in turn affects resistivity.
Testing tor all groups has been completed. All reported readings ( Table 20) are an average of three
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Table 21. 360 Day RCP and Surface Resistivity Ratio Averages
of All Specific Inhibtor Mixes versus Corresponding Control Mixes.

INHIBITOR RCP 360 DAY Surface Resistivity 360 DAY
AVERAGE OF RATIOS| AVERAGE OF RATIOS
FERROGARD 1.1 0.99
DCI-S 1.39 0.84
RHEOCRETE 1.10 0.93

test specimens. Generally, FerroGard 901 mixes lasted longer than the respective control mixes. Also,
due to the ionic contribution from calcium nitrite, mixes containing DCI-S generally cracked more
quickly than their corresponding controls. No noticeable tendencies were observed between the
Rheocrete 222+ mixes and the respective controls. Specimens also generally took longer to fail when
either microsilica was admixed, or when granite was used as the coarse aggregate instead of
limestone.

5.4.4 Compressive Strength

This test is conducted in accordance with ASTM C 39. Compressive strength tests were conducted at
28 and 360 days after batching on each of the mix groups (Table 22). All compressive strength
information reveals little difference between the mixes containing corrosion inhibitors and their
respective control mixes. Rheocrete 222+ mixes were the only mixes to consistently show a small
loss of compressive strength compared to the controls for corresponding mix groups. Generally, 360
day test results were higher than 28 day test results, which indicates that the specimens continued to
cure during that time. The curing of the cylinders in open air (as opposed to saturated Limewater)
appeared to result in increased early compressive strength. The addition of fly ash extended the

Compressive Strength (Ibs/in?)

C1 07 P1 P2 P3 P4 G1

Mix Group

'E28 Days W 360 Days>

Figure 36. Comparison of compressive strengths between mix groups measured
at 28 and 360 days.
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Table 22. Compressive Strength and Sulfate Exposure Properties of All Mixes

COMPRESSIVE STRENGTH (psi)

SULFATE EXPOSURE

MIX CAST 28 DAYS 360 DAYS 28 DAYS 360 DAYS
DATE TANK AIR TANK AIR % LENGTH | % MASS { % LENGTH | % MASS
CURED | CURED | CURED | CURED CHANGE CHANGE CHANGE CHANGE
CTRL-CI 01/28/97 6937 N/A 7693 N/A -0.0027 -0.6417 -0.0096 -0.7391
FER-C1-0.5 02/17/97 7707 N/A 8257 N/A N/A NTA N/A N/A
FER-CI-1.0 01/22/97 7483 N/A 8328 N/A -0.0001 -0.7106 0.0019 -0.6232
DCI-C1-0.5 02/17/97 7703 N/A 8505 N/A NA NOA N/A N/A
DCI-CI-1.0 12/16/96 6186 N/A 6980 N/A 0.0013 -0.9726 0.0097 -0.4322
REO-C1-0.5 02/20/97 6781 7004 7396 §544 N/A NA N/A N/A
REO-CI-1.0 | 01/30/97 5356 N/A 6057 N/A 0.0054 -0.3624 -0.0059 0.8135
CTRL-C2 01/09/97 5245 N/A 6112 N/A N/A NOA N/A N/A
FER-C2-1.0 12/26/96 5678 N/A 6290 N/A N/A NCA N/A N/A
DCI-C2-1.0 12/18/96 6062 N/A 6948 N/A N/A NCA N/A N/A
REO-C2-1.0 12/19/97 4472 N/A 5342 N/A N/A NCA N/A N/A
CTRL-PI 02/10/97 6214 N/A 8223 N/A -0.0016 -1.2129 -0.0083 -0.8708
FER-P1-0.5 02/24/97 7174 7577 8587 7813 NA NCA N/A N/A
FER-P1-1.0 02/13/97 6636 N/A 8341 N/A -0.0036 -0.9057 -0.0160 -0.5683
DCI-P1-0.5 02/24/97 6582 7234 8203 7943 NCA NA N/A N/A
DCI-P1-1.0 03/05/97 6630 7377 8388 N/A -0.0050 -0.0131 -0.0092 -0.6078
REO-P1-0.5 02/27/97 6697 7179 7981 7706 N/A NAA N/A N/A
REO-P1-1.0 02/27/97 6147 6474 7633 N/A -0.0030 -0.8502 -0.0040 -0.3925
CTRL-P2 04/14/97 7119 7637 7543 8794 -0.0028 -(0.8752 -0.0084 -0.7903
FER-P2-0.5 04/17/97 6838 7437 7600 7956 N/A NA N/A N/A
FER-P2-1.0 04/17/97 7321 7586 8015 8497 N/A NSA N/A N/A
DCI-P2-0.5 04/22/97 N/A N/A 8085 N/A NCA NCA N/A N/A
DCI-P2-1.0 04/22/97 7365 8200 8461 8771 0.0054 0.7448 0.0076 0.8350
REO-P2-0.5 04/28/97 6943 7340 7930 N/A NA N/A N/A N/A
REO-P2-1.0 04/28/97 7043 7420 7908 8703 -0.0067 -1.1454 -0.0168 -1.1197
CTRL-P3 04/01/97 5536 5654 7314 6898 N/A NOA N/A N/A
FER-P3-1.0 03/27/97 5237 5351 6833.5 5850 N/A NCA N/A N/A
DCI-P3-1.0 03/24/97 5310 5766 7114 6327 N/A NJA N/A N/A
REO-P3-1.0 03/20/97 4961 5356 6392.5 6048 N/A N'A N/A N/A
CTRL-P4 04/01/97 3312 8624 8549 9322 N/A NA N/A N/A
FER-P4-1.0 03/27/97 7228 7658 7616 8586 N/A N'A N/A N/A
DCI-P4-1.0 03/24/97 7478 8282 8235 8212 N/A N'A N/A N/A
REO-P4-1.0 03/20/97 7610 7872 7886 8047 NJA NCA N/A N/A
CTRL-GI 05/05/97 7718 7003 9026 N/A -0.0047 (.2057 -0.0020 0.3553
FER-GI-1.0 05/20/97 7095 6357 8068 N/A -0.0021 0.3771 0.0035 0.5258
DCI-GI-1.0 05/12/97 8732 8499 9729 N/A -0.0006 0.1218 0.0029 (.2368
REO-GI-1.0 | 05/15/97 6988 6613 8025 N/A -0.0037 0.2932 -0.0023 0.4521

overall curing time for the specimens, with compressive strength increasing considerably from 28
day tests to 360 day tests. The addition of microsilica resulted in specimens achieving high early
strength. with little change in strength from 28 to 360 day tests. Of the various coarse aggregate
groups. the group using granite coarse aggregate exhibited the highest compressive strengths for all
mix groups (Figure 36).
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Figure 37(a). Length change due to sulfate exposure over time for the C1

group.

5.4.5 Sulfate Exposure (Length Change and Mass Change)

This test is conducted in compliance with ASTM C 490. All testing has been completed. and results
are shown in Table 22. A complete set of figures showing length change and mass change over time
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Figure 37(b). Mass change due to sulfate exposure over time for the C1

group.
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Figure 38(a). Length change due to sulfate exposure over time for the P1

group.

is shown in Figures 37 to 40. There appears to be no appreciable difference between inhibitor mixes
and their respective controls for either length change or mass change. There appears to be no
appreciable difference between specimens containing limestone or granite aggregate. Generally. the
addition of fly ash and fly ash with microsilica appears to result in a decrease in length and mass

change compared to the control group.
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Figure 38(b). Mass change due to sulfate exposure over time for the P1

group.
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Figure 39(a). Length change due to sulfate exposure over time for the P2
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Figure 39(b). Mass change due to sulfate exposure over time for the P2

group.
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Figure 40(b). Mass change due to sulfate exposure over time for the G1
group.
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OBJECTIVE 6 - ESTABLISH SUITABILITY FOR REHABILITATION APPLICATIONS
6.1 Evaluate Alternative Repair Strategies

Twelve specimens were cast using concrete from the P1 group control mix. All specimens are
located in the outdoor exposure facility so as to experience the effects of diftering temperatures and
humidities indigenous to Gainesville. Florida (Figure 41(a)). The object is to pond the specimens
with 3 percent sodium chloride solution as shown in Figure 41(b) and allow them to corrode and
spall naturally as part of their conditioning. Once all specimens have spalled. they will be repaired
using concrete batched with the original mix design. However. four specimens will be repaired with
calcium nitrite-based inhibitor (DCI-S) admixed. four specimens will be repaired with organic vapor-
phase corrosion inhibitor (FerroGard 903) admixed. and the remaining four specimens will be
repaired as controls. Testing will begin as saltwater ponding resumes. Currently. all specimens are
still n the conditioning stage. with approximately 50 percent of specimens showing signs of’
COITOSION.

6.2 Test Field Repairs and Long-Term Assessment

Testing performed on an experimental bridge cap located on State Road 60 over Tampa Bay revealed
that no active corrosion was in progress at the time. Further studies of this site are planned.
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Figure 41. Sheltered outdoor specimens.
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CONCLUSIONS

The procedure to determine nitrite content in hardened concrete has been well established; nearly
100 percent nitrite recovery was achieved.

A 70- percent to 80- percent recovery of FerroGard 901 using UV absorption at 224 nm from
concrete and mortar samples has been achieved.

Autopsy of 17-year-old reinforced concrete slabs prepared in a former FHWA investigation and
exposed to weathering indicated that calcium nitrite is chemically stable in the concrete
environment, as expected also from theoretical calculations. In slabs that retained physical
integrity. there was spatial internal redistribution of the nitrite but much of it remained in place.
There was significant nitrite loss in some high-chloride content slabs where crumbling of the
concrete cover took place due to corrosion damage. That condition is thought to have facilitated
nitrite loss by leaching during weathering.

The apparent diffusion coefficient of nitrite in OPC concrete (w/c=0.41) was ~2.0 x 10-* cm?/sec.
The diffusivity of nitrite decreased with a lower w/c ratio of concrete. extended curing, fly ash
addition as cementitious replacement, or lower temperature.

Preliminary results showed that the apparent diffusivity of the detectable species within
FerroGard 901 was on the order of 5 x10 cm?/sec.

Both the ISL and the PWE methods indicated that nitrite experienced approximately linear
binding in concrete and mortar. When admixed as calcium nitrite, the ratio between bound nitrite
to free nitrite was ~7. The ratio was much lower for nitrite when admixed as sodium nitrite.

For a typical DCI-S dosage of 22 L/m* in concrete, free nitrite in pore water was ~0.2 M.

Addition of DCI-S into concrete lowered the pore solution pH. The reduction was roughly
proportional to the total nitrite content. Precipitation of calcium hydroxide upon introduction of
calcium nitrite (from DCI-S) quantitatively explained this phenomenon.

Cyclic polarization tests were performed on reinforcing steel in simulated concrete pore solution
containing chloride in excess of nitrite. to reveal behavior under low-dosage conditions. Addition
of nitrite as calcium nitrite (DCI-S) under those conditions modestly raised the pitting and
repassivation potentials. Addition of sodium nitrite to similar molar levels resulted in a strong
increase of both potentials. The difference was ascribed to reduction of pH upon addition of the
calcium salt, but not of the sodium salt.

. In open-circuit immersion tests in calcium hydroxide solutions containing chloride. DCI-S

provided better corrosion inhibition than the other products examined.
Three-bar reinforced concrete specimens with DCI-S. exposed to chloride. showed extended TCI

and time to cracking, compared to controls without inhibitor. This observation was in agreement
with non destructive electrochemical measurements during exposure.
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13.

14.

16.

17.

18.

19.

20.

Three-bar specimens with FerroGard 901 exposed similarly as the DCI-S specimens showed only
modest indications of corrosion protection. Under the test conditions used the Rheocrete 222+
specimens showed little evidence of effective corrosion protection.

No conclusions can be determined from the chloride concentrations.
Tests with three-bar specimens indicated significant reduction in protection when the DCI-S

dosage was reduced by 1/2. No appreciable changes from the full-dosage performance were
observed for the other two inhibitors when the dosage was reduced by 1/2.

. There was poor correlation between concrete chloride contents determined in selected three-bar

specimens and the onset and development of corrosion in peer group specimens. Sources of
uncertainty, to be examined in subsequent work, may include variability in the location of
corrosion initiation and non-uniform chloride penetration. The results available to date are not
sufficient to discern any effect on chloride penetration from the presence of any of the three
inhibitors tested.

The addition of corrosion inhibitors resulted in small (FerroGard 901, Rheocrete 222+) to
moderate (DCI-S) increases in RCP charge measurements in wet-cured concretes.

The presence of inhibitor resulted in only modest reductions of concrete resistivity (in wet
concretes) in the higher permeability concrete tested. For the less permeable concretes (those
with pozzolanic additions), the presence of DCI-S caused about 1/3 resistivity reduction at full
dosage while the effect of the other inhibitors was smaller.

Impressed current tests at constant driving potential in “lollipop” specimens showed lower times
to cracking in the DCI-S specimens than in those of the other inhibitors. It is expected that this
behavior reflects the lower resistivity of the concrete with DCI-S.

There was little difference between the compressive strengths of concrete mixes containing any
of the three corrosion inhibitors and their respective inhibitor-free controls. Rheocrete 222+
mixes were the only ones showing a consistent but small loss of compressive strength compared
to that of the controls.

There appears to be no appreciable difference between the sulfate resistance of mixes containing
any of the inhibitors and their respective controls.
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APPENDIX |
NITRITE RECOVERY CALCULATION

Nitrite, extracted from a powdered concrete sample (which has been previously drilled from a
concrete specimen), is first converted to the amount of nitrite per gram of as-drilled concrete, and
then further converted to the amount of nitrite per gram of oven-dry concrete. To accurately calculate
recovery, this amount should be compared to the amount of nitrite admixed per gram of the same
concrete if it were oven dried, as follows,

The evaporable water content of the powdered sample can be obtained by drying a known
amount of the powdered sample in a 105 °C oven to a constant weight. For the purposes of these
analyses the water content b is defined as the difference between the original weight and the dry
weight of the powdered sample divided by the dry weight of the powdered concrete:

W -W (Al-1)

where
b = % (evaporable) water in powdered sample
W = original weight of the powdered sample

o

W, = oven-dry sample weight

From the mix design, the amount of nitrite per gram of as-mixed concrete is known. This
amount can be approximately converted to the amount of nitrite per gram of the same concrete if it
were oven dried. The weight of this hypothetical oven-dry concrete expressed as a percentage a of
the as-mixed concrete can be estimated by Equation Al-2, assuming that any nonhydrated water is
evaporable [Al-1]:

4= W -W, —-(AC), -W,, -‘§/AC)FA W, +024-W -« 100% (Al-2)

!

where
W = total weight of the as-mixed concrete
W = weight of water in the concrete mix
W, = weight of coarse aggregate in the concrete mix
(AC) ., = absorption capacity of the coarse aggregate
W,, = weight of fine aggregate in the concrete mix
(AC) ., = absorption capacity of the fine aggregate
o = degree of cement hydration
W_= weight of cement in the concrete mix

Finally the nitrite recovery is equal to the amount of measured nitrite per gram of oven-dry
concrete (obtained from the extraction) divided by the amount of admixed nitrite per gram of
hypothetical oven-dry concrete calculated from the mix design and application of Equation A1-2.

For example, using 2.00 g of a powdered concrete sample from cylinder C1 (Table 1), after
extraction the final volume of extracting solution is 500.0 mL, the dilution factor is 25.0, and the
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absorbance of this final dilution is measured to be 0.3462. The extracted nitrite amount in this
sample is calculated by:

0.3462
0.913

-25.0:0.500 = 4.74 mg extracted NO -

where
0.913 = spectrophotometric calibration factor, L/mg

A 1.0453-g sample of the same powdered concrete is oven dried, and the measured dry weight
of this sample is 1.0200 g. The water content of this sample can be calculated by:

1.0453-1.0200
1.0200

-100% = 2.48%

and the measured amount of nitrite per gram of oven-dry concrete can be calculated by:

4.74
2.000- (1 —0.0248)

=2.43 mg of NO /g of oven-dry concrete
2

For the calculations shown below, the absorption capacities of the limestone coarse aggregate
and sand fine aggregate were assumed to be 4.5% and 0.5%, respectively, based on the properties of
the typical materials used in this laboratory. The degree of hydration was assumed to be 0.65, and is
consistent with values reported by Mindess and Young.”*"" (Substituting 0.50 or 0.75 as the degree of
hydration changes the result of average recovery to 99% and 101%, respectively, less than one
standard deviation). The weight of the hypothetical oven-dry concrete expressed as a percentage of
the as-mixed concrete is obtained by:

2390 (167 +29.14-65% +1045.5% + 735-0.5%) +0.24 414 0.65
B 2390

-100%

=92.8%

As noted in Table 1, the amount of admixed nitrite was 2.46 mg of NO /g of as-mixed concrete, so
the amount of nitrite per gram of hypothetical oven-dry concrete is calculated by:

2.46
92.8%

= 2.65 mg of NO /g of hypothetical oven-dry concrete
2

Finally the nitrite recovery is calculated by:

&-100% =91.7%
2.65

Reference:

A-1. S. Mindess and J. F. Young, Concrete, Prentice-Hall, Inc.,Upper Saddle River, NJ, p. 103 1981.
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APPENDIX 2
APPARENT DIFFUSION COEFFICIENT CALCULATIONS
Value of D1:

The calculation based on the slope of the CFL vs. t'’? curve at early times (yielding the value D1) is
illustrated for the data for specimen of DCI-C2-1, test #2 in Figure 3.

The slope for 0.02 < CFL < 0.2 was calculated by least-square-error fit of the data for that interval,
yielding:

k~ 1.17x 10*s 12

The specimen dimensions were 15.2 cm diameter, 4.6 cm height.

Surface area S=2 x T x (15.2)?/4+tx 152 x 4.6 = 583 cm?

Volume V=7 x (15.2)* /4 x 4.6 = 833 cm?®

S/V=0.7 cm’!

PerEq. (2): Dl=mx(1.17 x 10%*sec "% /2)* x (1/0.7 cm’")? = 2.19 x 10 cm?/s
(reported as 2.2 x 108 cm?/s)

Value of D2:

This calculation is illustrated for the data from specimen 6 (DCI-P1-1 in synthetic seawater) in
Figure 4. In this case CFL > 0.2, and the result is obtained using Eq.(3) and designated as D2.

Specimen dimensions were 7.6 cm diameter (d), 2.5 cm height (1).
Ratio I/d = 0.33
att=7.8x10°s, CFL =0.208

Value of G from Table 1 in Reference 15, for 1/d=0.33 and CFL = 0.208 (rounded off to 0.21),
obtained by interpolation: G ~ 3.8x10*

Per Eq. (3): D2 =3.87x10*x (7.6)*/ (7.8x10%) cm? /s = 2.8 x 10 cm?/s
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APPENDIX 3
PORE WATER NITRITE CONTENT EXAMPLE CALCULATION

Evaluations of nitrite content in the pore water were made by assuming that in specimens equili-
brated to a nearly 100% RH environment the capillary pores were completely filled with water. Of
the total nitrite admixed, only a fraction was found to be present in the pore water. Concrete speci-
mens with admixed 5.8 kg of nitrite ion per m* of concrete were found to contain pore water with a
nitrite concentration of 0.2 M. The molar concentration in the pore water was found to be approxi-
mately proportional to the total admixed amount, an indication that nitrite binding is approximately
linear in nature.

If one assumes that the capillary porosity of concrete is € = 0.1, then 1 m? of concrete would contain
100 L of pore water. As the molecular weight of the nitrite ion is 46, the 0.2 M in the above example
corresponds to 0.046 kg/mol x 0.2 mol/L x 100 L/m® concrete = 0.92 kg nitrite / m® of concrete.
Since the admixed amount was 5.8 kg / m?®, only (0.92/5.8) x 100 ~ 16 % or about 1/6 of the nitrite
was estimated to be present as free nitrite in the pore water . The remaining 4.88 kg/m?, or about
5/6 of the total admixed amount, is considered to be bound elsewhere in the concrete. This is only
arough calculation as it strongly depends on the assumed value for €. Thus if € were 0.15 instead of
0.1, the estimated fractions of free and bound nitrite would have been about %4 and % respectively.
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